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ABSTRACT
SPECTRUM ANALYSIS IN SEISMOLOGY
by
William P. Walsh
Submitted to the Department of Geology and Geophysics
on August 16, 1954 in partial fulfillment of the require-
ments for the degree of Doctor of Philosophy.
We first undertake to reacquaint the reader with the
mathematical tools available for determining the spectrum
of a function of time and also to establish the problem
involved when one attempts to utilize these tools in
estimating the spectrum. Adopting the method of esti-
mation devised by Tukey (1949), a technique of computing
spectra of a seismogram is suggested and actually applied
to both earthquake and prospecting records. The procedure
consists of computing spectra from hundreds of successive
overlapping intervals and displaying them in the fashion
of a contour map -- called, here, traveling spectra. The
whole process is accomplished at high speed on the Whirl-
wind digital computer.
Application of the aforementioned process to several
earthquake records obtained from the observatory in Weston,
Mass, revealed some interesting dispersion curves for hoth
Rayleigh- and Love- waves over Atlantic and continental
paths. Those curves for surface waves which traveled the
Atlantic path were strikingly similar whereas those curves
for surface waves traveling over the continent were most
dissimilar. This probably indicates a fair degree of
lateral inhomogeneity in the continental portion of the
earth's crust by way of comparison to the oceanic portion.
Similar techniques were also applied to some microseisms
(seismograms recorded at Weston) due to a storm which
existed over the Atlantic near the coast of New England.
Our analysis revealed the existence of a resonance phenomenon
suspected by Haq (1954) in addition to further corrobo-
rating the theory of the origin of microseisms proposed by
Longvet-Higgins (1950) and recently studied by Haq.
Since the analysis of earthquake seismograms suggested
the use of traveling spectra as a means of "picking" reflec-
tions, several trials were made on three prospecting records
where reflections were both visible and invisible. The
results were quite encouraging, for all types of reflections
were put into evidence rather well.
Thesis Supervisor: Dr. S.M. Simpson
Title: Assistant Professor of Geophysics
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A STATEMENT OF THE PROBLEM
Throughout the existence of Seismology surprisingly
little has been done to ascertain by means of exact analysis
the frequency content of recorded seismic motion, in com-
parison to theoretical work which has taken place in this
regard. The U. S. Coast & Geodetic Survey, we understand,
has recently accomplished a good deal of work in this direction,
as well as Housner,.et al. (1953) who have devoted their
attention to analysis of strong motion earthquakes.
Preceding their work, however, only a few papers have
been written (Klotz (1918); Caloi (1939) ) concerning the
application of Fourier analyzing machines to portions of
earthquake records. Jakosky, et al. (1952) have been engaged
in frequency analysis of reproducable prospecting records
(magnetic recordings), and as far as we know, their work
and possibly that of a few companies in the petroleum industry
(yet unpublished) is all the experimental research that has
been projected in this direction in the field of exploration
seismology.
It is not difficult to understand the dearth of work
in analysis of this sort when one considers the enormous
amount of lab-or that such investigation cas for. Only the
advent of high speed computing machinery has made the under-
taking of such analysis feasible.
As a matter of fact, it has only been in these recent
years which have seen the perfection of these electronic
(vi)
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computors that serious consideration has been given to
the pro-lem of calculating spectra. PossibKly this is coin-
cidence, but there is reason to hbelieve that such study was
motivated by the development of such machines. We believe
that there are only two reports which concern this problem of
spectrum calculation -- the original (and proi-ably the major)
work by Dr. J. W. Tukey (1948-9) and the recent work of
D. T. Ross (1954).
In this thesis we have endeavored to apply Tukey's
discoveries to the spectrum analysis of seismograms and to
exploit as much as possible the high speed of M.I.T.'s
electronic computor to that end.
Our purpose was not only to devise a means of seismogram
spectrum analysis, but also to apply such analysis in several
cases in order to obtain useful information concerning
surface wave dispersion; microseisms; and direct, refracted,
and reflected energy of earthquakes and explosions. It
was also our hope that our choice of subject matter and
manner of presentation would be such as to encourage future
investigation along these and similar lines.
(vii)
CHAPTER I
INTRODUCTION AND BACKGROUND
A. Introduction
In the following sections, an attempt is made to
reacquaint the reader with the well known mathematical
tools utilized in spectrum analysis; and in so doing an
effort is made to categorize them -- in a fashion similar
to that employed by Y. W. Lee (1950) -- according to
assumptions necessarily attendant on the function to be
analyzed.
We have also tried to put the problem of the actual
process of computation of spectra into proper light in a
section entitled "Concepts of the Spectral Window". It
is hoped that, in consideration of these facts, the
techniques we have employed in the analysis of seismograms
will be brought into better perspective.
A method of analyzing seismogram speetra by determin-
ing frequency amplitudes and phase magnitudes of successive
overlapping intervals is introduced. We also make known
a novel way of displaying these spectra in three dimen-
sional form and a method of accomplishing this at high
speed on.a digital computer.
B. General Harmonic Analysis
The problem of harmonic analysis is an old one and
has developed after passing through many stages, including
the use of periodograms, correlograms, and various compu-
tational techniques. Many of these methods had little found-
ation as far as mathematical rigor was concerned when they
were first introduced, yet each constituted an advance ,
over previous techniques. This is also true of the so-called
auto correlation methods which began to exert some influence
over twenty years ago but which have, in recent years,
gained a new impetus from Prof. N. Wiener's work on time
series. It was a result of the firm mathematical basis
which Prof. Wiener has laid down that many engineering and
scientific fields have recognized the excellence and ver-
satility of this method and have consequently given more
emphasis to it.
In firtue of the above remarks, we will attempt in
the following discussion to bring forward the "old" and
"new" formulae involved in spectral analysis. The purpose
of this is to refamiliarize the reader with the mathematical
detail which will be referred to in later sections, and
to acquaint him with the contrast and similarity between
the methods. We have then, depending on the nature of the
functions involved, three general modes of spectral analysis.
Only two nodes will be discussed here since we have
applied only two of them in forthcoming sections. An
excellent treatment of the third -- that which concerns anal-
ysis of random functions -- is given by Y. W. Lee (1950).
The first of these methods to be discussed is the analysis
of periodic functions; the secord that of aperiodic
functions.
a. Periodic Functions
According to Fourier, representation of any continuous
periodic time function of period T is given by1
n=+ 0o
f(t) = E F(n) einmot (1)
2Tr 2
where we is the fundamental angular frequency 2
and F (n) is the complex line spectrum given by the expression
F(n) f(t) e~fl- t (2)
T o
F (n) may also be looked at in the following ways
F(n) = IF(n)I e'@n (3)
where
F (n)I = ( Re[F (n)1 2 + Im(F(n)]2Y+(4
and
Im[F(n) ]
-1 (5)
nlie[(F (n)]
where
1 T
Re[F(n)] = !f(t) cosnwot dt (6)
- U
and
1
Im[F(n)] = f(t) sin nwot dt (7)
We can see the relation of the auto correlation
function and its transform, the power density spectrum,
to the harmonic analysis of periodic functions if we recall
the definition of the auto correlation function
1T
f(T) t) fr(t + r) at (8)
and expand f (t + T) in a Fourier Series and resubstitute
into 011 (T) for it can be easily shown that
(T) Z W einWT (9)
We can see then that the spectrum of the auto corre-
lation function is tantamount to the power spectrum of the
function and further that 01 1 (T) retains all harmonies
of the given function but drops all phase angles.
If we specify IF(n)12 (the power spectrum) by 11
we may further state
1 T n
(n = T / 11 eiT)e oT dT (10)
1lo
In other words, harmonic analysis of the auto corre-
lation functionof a periodic function f (t) yields the
power spectrum of f (t).
If iwe let
1 T
012(T) T f I f2 (t + T) dt (ii)
1 2.
5be the cross-correlation function between f (t) and f2(t)
and it can be shown by a somewhat similar extension of the
aforementioned formulae, that the cross power spectrum is
1 Tn
, 112 = ~ J 12(T) e~ 0o dT (12)T o
In passing we should note that the cross power spectrum
is in general a complex function, and consequently the cross-
correlation function retains relative phase information,
in contrast with the auto correlation which discards it.
In addition it is also true that the cross-correlation retains
only those harmonics which are common to both f1(t) and f2 (t).
b. Ameriodic Functions
If we should consider aperiodic functions as being
defined by
+oM
Sf2 (t) dt Finite
a0o
we may regard f(t) as being capable of being represented
over all time in the manner of the Fourier Integral
1 +o0i~
r (t) = / F(w) eiwt dW (13)
21T - o
where
+oC
F(w) = f (t) e-iWt d (1)
- OD
Such a manner of representation is, of course, valid in the
case where
f (t) O for - cot t < T
and for T *.t<+ ;2
F (w) is the complex amplitude spectrum of f(t).
There is considerable similarity between the expression
for this function and the complex line spectrum of the
periodic function, eq. (2). Except for the lack of
the multiplicative constant 1 expressions for the
T1
magnitude, FG(j) ; the phase O(w) ; Re [F ()]; and Im[F(w)]
may be obtained by substituting the variable w f or n
in equations 4 through 7 respectively.
It may be shown in a fashion somewhat similar to that
of eq. (9) that,
+O + O
2r f F(w) F(w) e±"I dw = f f(t) f(t + T) at (15)
S/ IF(w)2 i T = I f(t) f(t + T) at = h 1 (T) (16)
where $11 {)unlike 41(T)of periodic function may be expressed
+ o
b (T) = f f(t) f(t + T) dt (17)
- 00
and where F(w) is defined by equation (14).
If we let
( = 21T IF(w)12  (18)
then we have
+ o
(T)= f o) ei T (19)
-00
and by Fourier Transform theory
f l11(T) e- dT (20)
21T - O
Since () and I(w)y are even functions the foregoing
are simplified to read
11 (T) = f I(w) cos wT dw (21)
-o 11
1 +o0
= - f $ (T) cos wT dT (22)
2v - co
The last equations express the fact that the auto.-
correlation function and the energy density spectrum of
finite total energy are Fourier cosine transforms of one
another.
Similar relations exist for cross-correlation of two
functions of finite total energy.
C. Comuutatia of SDectra
The time-honored process of Fourier Analysis has in
recent years become of great importance. It has always been
recognized as a method of expressing in a most elegant manner
many natural phenomena, and with the advent of high-speed
computing devices it has quite naturally received increasing
attention.
Although at one time the Fourier Series approach saw
great use, more recent applications have demanded Fourier
Transform techniques. However well the Fourier transform
with its attendant continuous frequency variable fits the
actual case there have nevertheless been additional compli-
cations introduced with the trantfer.
The following discussion is an attempt to give the
reader an insight as to the nature of these complications as
well as a resume of what has transpired in recent years in
efforts to alleviate them.
a. The concept of "spectral windows"
There are usually three minor types of errors involved
in the process of the Fourier transformation
+o0
F(w) = f f(t) e-iwt dt
They are encountered in reading f(t) and cos wt ,
in forming their multiplication, and in integration. Their
effects on the resultant answer are nevertheless quite small
and may be stated in probabilistic form depending on the
methods employed.
The major error in this process of transforming empirical
functions arises because these functions are known only
over some finite interval. Such is the case when it is de-
sired to obtain the spectrum of an interval of a time
series, for here the function must be regarding as known
over the interval in question and zero elseokere. The
effect on the computed transform is to superimpose rela-
tively high amplitude oscillations on the correct transform.
(This is the so-called Gibbs phenomenon. cf. Guilluan,
Carslaw)
The resultant spectrum, needless to say, is the incorrect
one. Let us regard this incorrect spectrum (transform)
of f(t) as the correct spectrum of say g(t). Coalescing
the aforementioned errors into a weighting function D(t)
we may further regard g(t) x D(t) *f(t). Denoting the
Fourier transformation process by which we obtained the
incorrect spectrum by the operator F" and the process
by which we obtain the correct spectrum by the operator F'
we obtain the equality,
F'[ D(t) f(t) ] o F"C f(t)] (23)
Letting F'[ D(t) ] = D(w)
and
F'[ f(t) ] = F(w) (the correct
spectrum)
.0
and using the well-known fact that the transform of a
product is the convolution of the factors involved we have
+co
.j D(u>-E) FQt) dE = F"[f(t)] (4)
-oo
where E has the same dimensions as w
Hence, the value of the spectrum at w which is
estimated by the procedure of calculation decided upon,
is obtained by taking the inverted transform of the
weighting function, centering 2 about w , and using
this to weight the values of F(Q) over the entire range
of .
Henceforth, D(w) will be referred to as the - "spectral
window". Furthermore it is a function which is entirely
independent of f(t) and dependent only on the method of
approximating the transform; and in turn it may be regarded
as the measure of goodness of the method utilized.
We have drawn the D(w) of D(t)= 1 corresponding to the
most elementary transform process possible, in fig. (1)
(referred to there is the "spectral window of LO) and it
may be seen from this that due to the "ripple" on either
side of the w = 0 in the fig.) that a poor estimate will
be obtained for the spectrum. Ideally D(w) should equal the
impulse function, for then the estimate would be the
correct value. The best that can be done is to "smooth"
-7 0
SPECTRAL WINDOW OF L
(The Transform of the Weighting
Function D(t) = 1 )
SPECTRAL WINDOW OF U
0( The Smoothed Transform of the Weighting
Jrunction D(t) )
iig, (1)
il.
£V
out the ripple of the D (w) so that the estimate may be
obtained by averaging the correct spectrum over the narrow-
est band of frequencies possible. We have shown Tukey's
success (19149) in this respect in the same fig. (1) by
the configuration entitled "spectral window of U0" (we
will report on this later). Tukey accomplishes this
smoothing by the ise of an averaging process in forming
the transform.
In the frequency plane the spectral window may also
be looked upon as a weighting function.-- W, (w).
To establish this concept, which will be referred to later,
the following development arises.
We may regard the spectrum estimate 5" as related
to the correct spectrum S by the equality,
+ o
= f W (w) S(w) dw (25)
-O
where w and ) are of the same dimensions and ) indicates
the scanning frequency. We have already seen that for
even functions
+ O
S"(w) = f D(t) f(t) -os wt at (26)
-0o
If we let
+0O
f(t) = f S(P) cos) t d) (27)
-CO
then
+00 +o0
3"(w) f J f S(-) coa ) t d> J D(t) cos wt dt (28)
- O -O
13
Reversing the order of integration eq. 28 becomes
+o +o(9
S"(w) = I C f D(t) coset cos wt dt ] S(A) d (29)
-J-00
Hence, the spectral window regarded as a weighting function
is for cosine transformation
+ oD
W (w) = f D(t) cos 0 t cos wt adj (30)
For sine transformation
+0
W (w) = f D(t) sin t sin wt dt (31)
-00
Remembering that 8" depends on the interval length T
we can now consider the error involved in calculating
T
s"(UT) = 2 f (t) cos t dt (32)
% - 0
instead of
+ O
"(w,c0) = 2 / f (t) cos t clt (33)
0
In order to formulate a comparison let us consider
the case where f(t) = cos t and . = w , for here the
answer is known and a measure of the effect of integration
over a finite interval may be arrived at. D(t) here
equals 1.
Here then.
T 2 sin 2wT
2 / cos wt dt =T + (34)
2w
and which when normalized equals
sin 2w2
~l+
2wT
Graphically the comparison is
I/Y Q -
9-' 4p 0 -
(35)
441"
Diagram (1)
and we see that as the interval is lengthened the estimated
value approaches closer and closer the correct value.
The above process where W is kept constant and the
error associated with the method is examined as T is varied,
is, from examination of eq.*0: and L, equivalent to measur-
ing the goodness of the process in the frequency plane with
the length of interval held constant. In other words if we
took eq,3a and did not vary the length of the interval as
in diagram (1) we would have an expression equivalent to eq. 30',
which expresses the value of our estimate of the spectrum
in the frequency plane.
0 In the process of smoothing it is necessary to keep in
mind both the window in the frequency domain and the corre-
sponding weighting function in the time domain. Ross (1954)
recognizes this in the development of a series of weighting
functions Dn(t),(reproduced in fig. (2) where n indicates
the stage of smoothing, i.e. the greater n the more is
the "ripple" of the spectral window diminished. He cautions
IA
ROSS'S
NCiEALIZED XEIGHTING FUNCTIONS
INTERVAL LENGTH
-1.0 -. 9 -. 8 -. 7 -. 6 -. 5 -. 4 -.3 -. 2 -. 1 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0
I
, I i I , I m M , ,M, Iwm po op , I , oil 14
that -- if we take Dn(t) for larger and larger values
of n we, at each stage, essentially reject more and mare
the finite record of f(t) for large t, and more and more
emphasis is placed on values of f (t) for small t. The
estimate of the spectrum may then be further from the
truth than that obtained by using a smaller value of n.
It is clear that a balance must be achieved and this
balance will be largely dependent on f(t). For instance
It z
it, is obvious that f-(t)can be smoothed more thanf(twith
little loss of information at large values of t and as a
result a better spectr um is attained. In general we may
say that the greater the degree of smoothing the better
the spectrum estimate -- provided that the weighting function
in the time domain associated with the process of 'smoothing
in the frequency domain, does not reject a representative
portion of the function being transformed.
The auto-correlation functionis, generally speaking,
somewhat similar in configuration to f2 (t) in diagram (2).
If we should further consider f2 (t)= i( )where T)is
11
the auto-c'orrelation of f1(t), we can easily see from our
17
above discussion that transforming the auto-correlation of a
function fl(t) will -- for the stage of smoothing involved--
give rise to a better spectrum than the process which entails
transforming the function f, (t) itself.
(b) Estimation of the Peger Spectrgm
We should now like to outline the method of estimating
the power spectrum of a discrete time series x1 , g ;;..
- f (t) utilized in our analysis of seismograms.
This method consists of finding numerical approximations
of the expressions for the auto-correlation function
+00
#(T) = f(t) f(t * T) dt (36)
-ao
and the spectrum
1+o
T(w) = - f (T) cos WT dT (37)
-0o
which hold for stationary time series. The following dis-
cussion of this method is quoted from Report #5 of the
Geophysical Analysis Group of M.I.T.
"The auto-correlation coefficients of a time series
are given by the sample serial products
1 n-P
i-n - p i= i +p (38)
The basic problem is to obtain an approximation to the spectrum
from the serial products R (p = 0,1..m) for a given number
a which is less than n.
L
18
"The observationszx have the spacing h, which may be
defined as one unit. Since periods less than two units will
not be observable themselves, the effect on the estimation
of the spectrum is to fold over the last part of the fre-
21T
quency scale where (- < 2) into that portion of the scale
2uW
where (---- > 2) . This means of course that omu scale
w
the distribution of frequencies will now run from -T to+ i,
and we shall confine our attention to this region. The
reduced spectr um is thus defined to be a spectrum which
involves frequencies which in magnitude are no greater than TT.
Thus the frequencies w, 2T-w,2T+w . .... are treated as
aliases of each other. Moreover, to use both positive and
negative frequencies, equal power is required at -w and +w
"By choosing discrete values of angular frequency
STI
w w (s = 0,1,....m) , we may perform numerical
integration of equation by the trapezoidal rule and write
STI
( L3 (39)
where
-1 m-1 sj 1
L = - [ - R cos 0 + E R cos - + g R cos su ] (40)
8~~= 1 T 0m
By letting
r R / RO 0,,2,...m)
we have
R snj
L = 2T + 2 r cos + rm cos su] (41)S rnrM
19
"An approximate integration of T(w) from -n to +Tr
by the trapezoidal rule yields.
+7T T M-1
/ T(w) dw = 2 /fW) do - C L + 2 E L + Lm J (42)
- o 0
Now by standard summation formulae, we find that
m-1 I
L + 2 L + L o
Thus, for all values of a, the area given by the trap.
ezoidal rule is R , the serial product of lag zero.
Hence, we see, once again that in the estimated spectrum
the total power has been compressed into the interval (-n,T,)."
(e). Estimation of the Amplitude SpectrM
In a fashion somewhat parallel to that outlined in
the previous section, we desire now to outline our method
for approximating the Fourier transform of
1+00
r(t) - f F(w) ei dw
2nT . O
In particular we wish to approximate IF(w)I
and O(w) where
F(w) = IFMI~ ei#W) (45)
and where in turn
F)= ( Re[F(w)]2  + IMCF(w) )2 (46)
and
. (w) = -1 IiC(W)J (47)
lie[F(w)]
From section B we can see that calculation <f the
20
above relies on estimating the integral representations
of Re [F (w)] and Im[Fn(w)3rhich are
+O
Re[Fk.w)] = + f f(t) cos wt dt
Im[F(w)] = - 11(t) sin wt dt
-O
(48)
Here we considered f (t)
spacing h .
a discrete time series of
f (t) f (t0), f(t(+ h), fO(t+1 0h)
(= 0,1,2,...m)
and we also considered
ReEF(w)] = Re[F( ] :. M
and IjnCF(w)] = Im-( ) ] Z-Ni
MB
where
(49)
(a)
(b)
S = O,1,2,....M
As before we numerically integrate (49a)and
trapezoidal rule in the familiar fashion.
1 m-1 srrj1 + [ f Cos 0 + Z f cos
S 0 J=1
1 M-1 srrj
-N + [ f sil 0 + E f sin
j=0 1 n
(49b)by the
1
+ fm Cos
1
+ fmsin
We point out at this time that the weighting function,
D(t), employed in the estimation of the Ls, M., and N.
is 1, and as a consequence the estimate is quite far from
the truth, which fact is at once evident from the corre-
sponding spectral window, depicted in fig. (1). To overcome
this drawback we employed a method of smoothing which we
STT]
describe in the subsequent section.
d.. A Method of Smoothing
Dr. T. W. Tukey of Bell Telephone Laboratories and
Princeton University (l948l91+9) has made what is, probably
the major contribution to the study of spectrum estimates
in recent years. His work, which has undergone several
revisions and additions, consists mainly of two studies.
The first part of his work (1949), which was accom-
plished with the assistance of R. W. Hamming, consists in
choosihg and applying an improved weighting function which
uses the familiar property of Fourier transforms: that the
transform of a trigonometric polynomial is a function
consisting of equally spaced impulses of unequal strength.
The process of convolving the transform of such a polynomial
(e.g. a cosine arch) becomes, for digital calculations, the
applicationof a running weighted mean or smoothing formula.
Tukey's work, besides being located in the above
cited reference may be found beautifully summarized in
Report #5 of the Geophysical Analysis Group, M.I.T. His
formulae, which we have used in smoothing our estimated
spectra of seismograms, calculated in the second portion
of this thesis, are listed below for the reader's convenience.
The Tukey-Ifamming smoothed estimate, Us , of the power
spectrdm density and the cosine and sine transforms of
f(t) is given by,
U .23X- 1 + 4. - * 23X 1
where X is equal to the L, M, and N of sections b and a.
Since Uo and Um respectively involve X_., and Xm +1'
which have not been defined, we set X.- X: and k.
XM-1
This amounts to
When X L we see that because of the identity
M-1 m-1Ut4- 2 Us + Um L= 2 2!' Ls4 Lm11
the smoothing process is area preserving, and hence the
total area in the estimated spectrum is given by RO
See equation (38). This conclusion is Parseval's Theorem.
The frequency in c.p.s. for which the various line I
spectra Us have been calculated are -(s = 0,1,2,...m)
where m is the total number of lags or points, and h
is the time spacing between points of the discrete time
series.
D... Some Considerations of Numerical Fourier Analysis
There are two distinct ways of regarding the numerical
method in general -- first as an approximation to the integ-
rals for each line spectrum, and secondly as a process of
curve-fitting. It is wise to keep both in mind when apply-
ing or interpreting the results.
As may have already been noticed, our approach to
calculating the spectrum of an interval on a seismogram
has been to choose a fundamental frequency, determined by
the length of the interval T, and the time spacing between
consecutive points, h and then to compute the line spectra
of this frequency as well as its odd and even harmonics.
The approximation of the intervening frequencies involved
in the transform was accomplished by the smooth curve con-
necting these calculated points. Essentially then, our
calculated values were derived in the manner which would
have been employed if the interval TL were considered
representable by a Fourier series.
Rieman's theorem states that the Fourier representation
is unique. The theorem, however, applies only when no
limit is imposed upon the number of terms which may be
included; if any arbitrary limitation is imposed, the
result of the theorem is not necessarily valid.
In the following discussion we propose to ascertain
the restfictions of and the reliability of our analysis
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when a limitation is imposed on the quantity of data. Since
the remarks made will pertain to our calculated valueswe
may for the purposes of this discussion regard f(t)capable
of being expressed in the manner of a Fourier series
n=k n=k
f(t)= C + Zan cos nw t + bn sin not (54)
n=1~ n=1 l
where 2 r=N
a 5 -Ef (t) cos(n-o t) r T(55)
n rN r No 
2 rfql Nh
bn e r-1 rf(t) sin(noot) r
Let us for the moment consider an example of a function
rI
periodic in 2T radians, for which we have values at t= 0, !F TT
3Tr
and -.- denoting these values by y0, y18 y2, Y3
YO = f(R) = C + Z ak 0 +Eksikr
y = ( =C + k a Cos4- Z~ 2 bk2 (.56)
y2 = f(u) = C + E ak cos kn
y3 f(3)= C + E ak Cos 2 + Ebksin U T_
Consider the effect of suming these four values
3
0 y - 4C + Z a kD k + Ebk E k
whr kk IT
n(56)
wee D = 1+ Co + co T + C
Ssin M+ En bKin
2 2
A depe ecs on the value of D s
a multiple of 4 say 4X where X is an integer
we find
D =X 1 + cos -- 0 o k o
k 2 2=
D 4E4 = 0
4X-l= 0 4x-1
and similarly D4 E4X -2 = D4X-3 = E4X-3
Substituting into the above expression for .. A
A = 4[ C + Ea ]X 4X
Consider the effect of performing the summation
A, Y Cos 0 + yCOS + y2COS +
yo
E a [1 cos kTr]
2Z a2X-
Similarly the sumation:
where
B = yO sin 0
=y - y 3
= E a DIk k
D = cs L2
E = sin Tk 2
If k = 4X
D = eos 2
E 4X 0
Y, s in ---2I + .... (59)
+ Z bkEl+ k k
- cosai 2
o sinU2
k = 4X-2
T - cos 6TT =0
I
D 4X-2
I
E4X---
k = 4X-1
D = Cos 7 - Cos = 0
"1 + "1 = -2
25
0
(58)
y3 cos_3_T
- 0
= 0
E4X-1 =
-y2
A = [4a2 ] + 4a6 + 4a * **.*...
We note that if the variation contains harmenics
higher than the 2nd, no information concerning the coeffi-
cients of _g harmonics is afforded by the equations (60).
From the above example and others one can see that the
following rule must be observed in numerical Fourier Analysis.
The number of ordinates must exceed twice the reference
number of the highest harmonic present in the unlimited and
This restriction has also been determined by Goldman
('53) by a different procedure. The above discussion, however,
points out what occurs when the restriction is no, meto
Let us for example consider a periodic function which
is made up of forty harmonics of a given fundamental
frequency.* The above result states that at least eighty (80)
- k = 4X-3 D -3 Cos -.Cos M= 0k=X-3 D
Substituting into (5 9 ) E4X-3 - + = 2
1 = 2 [b4X-3 b
Proceeding in a manner similar to that above
A2 = Yocos 0 + y cos s + + y3 s 37T
= yo 
- Y + y2 
~ Y3
= 4 I a4X- 2
B2  y 0 sin 0 + y sin T .
= 0
The results are expanded below:
A0 = [4C] + 4a4  + 4a8 *
A = [2a ] + 2a 3  + 2a5 + .... (60)
B 1 = [2b 1 ] - 2b3 + 2b - 2b7 +
discretely spaced points of the function must be used if
one wishes to ascertain the line amplitude spectrum of all
forty harmonics. It does not state that although one may only
h-e interested in the first twenty (20) it is sufficient to
use forty points. Eighty must be used for otherwise, as
already pointed out in our analysis, no correct information
will be achieved.
In practice one assumes the function he is dealing with
as made up of a finite number of harmonics, which for prac-
tical purposes is certainly valid. But since the exact
number is usually unknown, the only alternative the investi-
gator has is to experiment with sets of points, which have
been read at various spacings, until two calculated spectra
are similar. At this point it can be assumed that the above
criterion is met.
E... Method of Displaying the Estimated Spectra
In the subsequent analysis of seismograms, whether
they be prospecting or earthquake records, it was decided
to break up the entire trace into intervals T, which overlap
each other by 75%. The length of T is unspecified, but
is assumed to comprise significant frequency information
and to be subject to Fourier integral representation. In
the following investigation the length of T found to be
most practical was 40h, where h is the time spacing of
the discrete time series .
In each interval an analysis is performed yielding
either a smoothed estimate of the amplitude and phase
spectrum or a power spectrum to be associated with that
interval. Instead of plotting and evaluating each curve
separately the information derived is presented in the
fashion of contour maps, where the amplitude phase and power
density is to be represented in relief on a map on which is
plotted frequency vs time according to the diagram below
Diagram (3)
Inasmuch as many spectra are presented in this way
the time dimension, though "blurred" because of interval
overlap, has in a loose sense been preserved. The time
which we have associated with the spectrum of each interval
has been that time associated with , ,where () is
the midpoint reading of the interval in question.
This time will henceforth be referred to as "center time",
and the contour representation of spectra of overlapping
intervals as "travelling spectra".
The computation and plotting which such an undertaking
involves is enormous and the time which would necessarily
be expended in such an operation would he such as to
discourage it at the outset. However, the entire job of
computing and contouring has been accomplished at high speed
in the Whirlwind Electronic Computor. The fruits of this
computation constitute the second part of this report.
The mechanics of analyzing the spectra have already
been desri-ed. The actual process of contouring has been
accomplished by means of a density plot routine devised
by Dr. S. M. Simpson of M.I.T. In this instance the
dimension of "height" is brought about by the relative
brilliance of a given square area on an oscilloscopescreen.
In the case of amplitude or power density spectra all
values in twenty-four consecutive spectra are normalized
30
to the maximum value occurring in all these twenty-four.
Each value is then associated with a number of spots to be
focussed on a predetermined square area on the oscillioscope.
The greater the magnitude of the amplitude or power the
more densely plotted are the spots.
These predetermined areas are arrayed in a "checker-
board" fashion in such a manner that "center time" is plotted
horozontally (along the abscissa) and frequency is plotted
vertically (along the ordinate). For a permanent record a
photograph is taken of the density plot as it occurs.
The clarify the language, the following diagram con-
stitutes a negative of a fictitious density plot.
.. 6
WIS .%
Interval - Center-time
Diagram (4)
The density plots of the phase spectra are very similar
to those described above for amplitude and power spectra.
In this instance the only difference lies in that all phase
angles are confined to the range of 0 to 360 , and the
density of the spots are respectively less to great.
IEach photograph of twenty-four overlapping intervals
are connected in a consecutive fashion to give rise to a
density plot of the entire seismogram trace. Not only
does such an approach give tise to a neat, concise presen-
tation of hundreds of seismogram spectra, Iut it also
affords to the seismologist an accurate method of determining
frequency and phase changes with time. In addition such
a method enables easy comparison of frequency and phase
changes with distance and with different component seismographs.
At present we will not hne specific in their use or
evaluation but will defer such comment to that time when
actual cases are investigated.
F... The Phase Correction
In the calculation of the component frequencies of
each overlapping interval T , we found at the outset that,
for the sake of ease and speed in digital computation, it
would -se hest to scan each interval with harmonic frequencies
which had a zero degree phase shift with respect to the
beginning of each interval. Thus for the determination of
the phase of the first harmonic we would scan the intervals
in the following fashion for de termination of r (F(w))
For determination of the j[Fo)]
Diagram (5)
It may be seen that the phase To calculated
for such a harmonic will on a traveling spectrum basis be
rather arbitrary depending on the interval and degree of
overlap employed.
Regardless then of the interval we would like, however,
to scan with a frequency which is essentially stationary
in time, in order that the calculated phase would have sone
relationship with those calculated for other intervals and
other frequencies. We would have then for computation of
Diagram (6)
A similar iiagram may be drawh for the intended calcu-
lation of
To accomplish this, one merely has to calculate the phase
for each harmonic frequency employed (assuming 00 phase
shift for the interval in question), and then to subtract
the phase angle by which the interval under examination
shifts the scanning frequency from the same frequency
stationary in time. For instance, suppose we wish to determine
the phase relationship between the fundamental scanning fre-
quency curve III and the same component frequency of f(t)
in interval A in diagram (7). We would first scan with the
cosine arch, curve I, to determine Re F (a)W) and with the
sine arch, curve II, to determine Im F(c)). Both curves
exhilit 00 phase with respect to interval A. The phase
relationship between the component frequency of f(t) and
curve I is given by eq. (20). The phase relation we desire
is then determined by subtracting from this calculation.
.r
Diagram (7)
It may he easily shown that the phase shift S which
must be suhtracted is dependent on the scanning frequency
and the position of the interval. For intervals which over-
lap by 75%- the procedure that predominates in our investi-
gation -- it may be further shown that this necessary phase
shift $ is:
450 r s
where r 0,1,2,....... m and denotes
the harmonic
and where S 0,1,2,......m and denotes the interval.
From the nature of the overlap utilized it becomes
evident that this S , if looked at in the phase range 00 to
3600 is repetitive for every eight harmonics and for every
eight intervals, i.e. for r = 0,1,..7and for s : 0,1,..7.
The same is true for r : 8,..15 and s = 8±5etc.
This phase shift is shown graphically for r a 0,1,..7
and fors = 0,1,.7in figs. (3) and (4). This phase shift
which is then superimposed on the traveling phase spectrum,
which is determined from scanning frequencies shifted zero
degrees for every interval is displayed in fig. (5). The
actual densities displayed for the various phases are here,
not the true ones, but are nevertheless exemplary of the
pattern.
360
315
270
180
3 l*
-74
~t t / 
_
I:
lst
/*
1 1
3rd
Harmonic
2nd 4th
/
1'~
5th
I/I
I */
-"'LI
I,
/
/
V 2 -J
8th 7th
Fig. (3)
lt Interval
2nd
3rd
-------- 4th
90
45--
3601-
315
270
1-
I
I
I
I
4JUU
181
+4
5th Interval
6th
7th
~4
* .1.
.4
--- 4-
1st
N ~
I
I
I
/-
2nd
Harmonic
Fig. (4)
I,
K
I
I
771
i
ilL
I I
.1
'I
I.
11
*1'
.. it i 7~~'+1L-I
I-
I
I.
"I
t
i~ IL *~ *tIF j ~ 7.
* I
* II -~I
'I
:1
i
r~i
/ III
.1
I-.,
------ I
I
*1 -
F /
*t.
4---
I. / i'//:
* I
I
*1
4- *1
4th 5th , th 7th
.
-4.
- _b.-
rr
25
22
19
16
13
10 -
7-
4
1
I I
1 4 7 10 13 16 19 22
Interval
A Display of the Phase Correction
Superimposed on the Traveling Phase
Spectra Calculated from Scanning
Frequencies Shifted 0 Degrees.
Fig. (5)
I I I I
CHAPTER II
APPLICATION OF SPECTRUM ANALYSIS IN SEISMOLOGY
A... Introducto
In this section we have presented, in what we bhelieve
to he a rather unique manner, the results of our spectrum
analysis of some seismic records. Unfortunately, we could
cover only a few aspects in earthquake and exploration
seismology. Factors of time and money and the fact that
our undertaking was partially a test prevented further
computation. It is our hope that tie few cases considered
here are both representative and interesting.
In passing we would like to point out --- at least for
the sake of general interest --- that the calculation and
plotting of spectra presented in the following sections
would, if undertaken with the ordinary means avaltable,
occupy a man working full time for approximately ten years.
B... A Study of Surface Wave Dispersion
Determination of the earth's crustal structure have
been greatly assisted by studies of the reflected and refracted
waves of depth charges, quarry blasts, and near earthquakes;
by studies of surface wave dispersion; and by considerations
of amplitude ratios of direct and surface reflected longi-
tudinal waves. Application of surface wave dispersion to
this end has received, it seems, renewed impetus in recent
years. Both theoretical study, which has been devoted to
the betterment of this technique, and improvements in
observation have been the motivating influence.
Generally speaking there are two ways for evaluating
the amount of dispersion of observed surface waves. One is
to determine the period and speeds of conspicuous or of first
surface wave arrivals from the records of any number of earth-
quakes and stations, sort them as to type and path, and plot
the data points for comparison with theoretical curves
computed from some assumed type of crustal layering. The
second method is to determine the pertinent data for succes-
sive waves in a surface wave group from a single seismogram
and plot these data for comparison with theoretical curves.
Both have been used extensively although the latter is to be
preferred, since it supplies a dispersion curve consistent
with respect to path and does not entail the difficulties
encumbant with respect to choice of what to measure in the
former method.
Whichever of the two methods is employed various
notions prevail as to the choice of group, but only one
method exists in the actual measurement of the group's period,
i.e. an assumption is made that what is to be measured
is a sinusoid and then what is assumed to he the period
is measured with dividers, and a time scale of some sort.
This method may be regarded as sufficient at the initial
portions of the Rayleigh or Love train where the record
usually exhibits long period sinusoidal motion. However,
as time proceeds the sinusoidal character diminishes and
at certain times is completely absent. Present techniques
of measurement then can hope to be accurate only over a
limited range of the surface wave record.
Furthermore, theoretical considerations have shown that
it is conceivable for two or more groups to arrive at a
station at the same time depending on the layering con-.
figuration of the earth's crust through which the waves
have passed. Since such observation is beyond the scope
of existing methods, comparison with theoretical dispersion
curves for assumed layering is greatly hampered.
Our proposed technique of "traveling spectra" analysis,
comparatively speaking, affords a more accurate measurement
of the period of a particular group and also exhibits change
of period in time. The plotting of the spectra of over-
lapping intervals according to density not only automaticaly
affords a travel time curve of the dispersing trains of
one quake hut will also yield a more complete observation
than has hitherto been offered. Furthermore such a manner
of analysis could also be looked upon as a standard by which
to establish actual dispersion, since it appears from the
diversity of method and scatter of "observations" of
seismologists that some sort of standardization is desirable.
We have in our study chosen five earthquakes recorded
at Weston, Massachusetts. In two of these an Atlantic Ocean
path predominates, in two others the path is entirely
continental (U.S.), and in the fith approximately half
the path is over the Pacific Ocean and half over the United
States. The foci of all of these quakes were of normal depth.
Only the long period Benioff records were used.
Case I -- Atlantic Path
(1) Data Analyzed -- Methods Employed
The pertinent data for the two quakes studied here were
derived from the U.S.Coast and Geodetic Survey and Jesuit
Seismological Assn. respectively.
Quake (a) Date- May 31, 1953
Epicenter -- N.Coast Dominican Rep.(20 N 70f W)
Time -- 19:58: 35 G.S.T.
Magnitude -- 7 (Pas); 7} (Berk)
Epicentral Distance -- 2500 kms; 22.50
Quake (b) Date- Aug. 15, 191+1
Epicenter -- "Atlantic Ocean" (190 N 270 W)
Time -- 06: 09; 00 G.S.T.
Magnitude
Epicentral Distance -- 2850 kms; 43.650
Photostatic reproductions of these quakes may be found on
plates (1) and (3)
For quake (a) data points-or trace amplitudes-- we te read
from the seismogram every .446 seconds over the interval
marked "A" on the traveling spectra o tiuLs quake (plate 2)
and every 1.78 seconds over the interval marked "B" on this
plate. For quake (b) data points we m read at every 1.78
seconds.
The traveling spectra density plots of the spectra
computed for quake (a) may 'b)e found on plate (2). In region
IAt spectra were computed from 80 point intervals; in region
"B" spectra were computed from 1+0 point intervals. In "A"
n-harmonic frequencies of .014 C.P.S.were calculated
(n = 0,1,2,3, ---- 40) per interval. A frequency scale appears
at the left margin for this region. For region "B" n-harmonic
frequencies of .007 C.P.S. were calculated per interval
(n = o,1,2,-40); a frequency scale appears at the right
of plate (2) for this region. The traveling spectra computed
for quake (b) are found on plate (4). For this quake harmonic
frequencies of .007 C.P.S. were calculated for intervals
consisting of 40 points (n = 0,1,2,3, -- 40 ).
In all instances our group velocity curves were obtained
by drawing a smooth curve through the spectral density maxima
which the traveling spectra depict for the various groups of
waves involved in the Love and Rayleigh trains, and reading
choosing those times where the curve intersected the frequency
coordinate lines. Unfortunately the dispersion of the Love
waves was not observed for quake (a) which fact may be due to the
short distance involved and to the nature of the path (Wilson
and Baykal 1948 have observed this for Love waves in their
studies) -- although in retrospect, it may be due to our not
overlapping intervals in region "A" 'by a sufficient percentage.
At any rate our observations may be found tabulated in Tables
I - III and depicted in figures (6) - (8).
For the purposes of comparison we have included in fig.
(6) the observations of Wilson & Baykal (1948) of the dispersion
of Rayleigh waves across the Ptlantic.
The theoretical curve recently calculated by Jardetzky
& press (1953) is also reproduced in fig. (7). In this latter
curve the layer of sediment and water were considered. The
basement layering for this curve is H H, H, = 03)(,=.52
KMX/sec.' o. = 6.9 kms / sec. ', (,=8.1 kms / see. . s
Tl: .o , where o( is the compressional wave velocity,
H is the thickness, q the density, and the subscript the layer
in question. Such a curve is according to these authors
experimentally indistinquisha-le from the case where H,
.(,:l.52 kms / sec. o, :7.90 kms / sec.
We have also on fig. (8) reproduced two theoretical
curves for Pacific Love wave dispersion, which have been
recently published by Evernden (1954). The fig. (8)
contains the pertinent assumptions involved 9 and
refer as usual to the shear wave velocity and density in
gms / cm respectively).
(2) Discussion
The dispersion observed for Rayleigh waves over the
Atlantic is very similar for the two paths studied, although
the "Atlantic Ocean" quake gives values of velocity which
are somewhat lower for the higher periods (50-70 sec.)
and the lower periods (11-18 sec.)
The lower values in the latter range in quake (a) occur
on the N-S componant. Our value for 10.1 sec. - paralleling
the Dominican Republic Quake is questionable and we have
indicated this on our plate.
If we assume that the land path in both cases was
450 kms -- the distance from Weston to the 2000 fathom
line - and that the speed for Rayleigh waves of the minimum
group velocity at (15.6 sec) is 3.4 kms/sec. over this path
we see that the velocity over the oceanic portion is 2.26
kms/sec. for the Dominican Republic Quake and 2.23 kms/sec.
for the other. The velocity given by Press, Ewing &
Jardetzky for this period is 1.6 kms /sec. and their minimum
velocity occurs between periods 7-10 sec., for the model
already descrined.
Comparison of our observations for Rayleigh waves in figs.
(6) -- (7) with the theoretical curve of Jardetzky & Press
(1953) seems to suggest that a decrease in to about
4.35 kms /sec. would probably give rise to better comparison
between the two in the interval 40 - 70 sec. This decrease
seems to be suggested by our observations for Love waves
of quake (b) fig. (8), for which when extrapolated to higher
periods a value of 4.35 kms/ see. is indeed approached.
Consideration of the curves in fig. (8) for dispersing
Love waves seems to indicate that the structure proposed
by Evernden (1954) for Pacific crustal layering might possibly
exist under the Atlantic. For it can be seen that our curve
would fit quite well with curve B if the layer of = 3.00
were to be increased to 11 or 12 kms and the shear velocity
in the semi-infinite medium were decreased to 4.35 kms/sec.
as has already been suggested from observed Rayleigh wave
dispersion. It may also be thought curve "A" could he made
to fit the observations if the layer's thickness were increased
and 4 were decreased, -,ut the velocity for 13.0 sec. - 3.83
kms/sec. - and the general trend of our curve do not favor such
a notion.
The above model of low velocity material 2.5 kms thick -
consolidated sediment - overlying a layer of basalt of twice the
thickness of that proposed by Jardetzky and Press may serve
to explain our observations of Rayleigh waves in the 10 - 16
sec. period range. Comparison of quake (a) dispersion with
the curve derived by Haskell (1951) for a two layered
continental structure (fig.11) seems to point more and
more in this direction.
This discussion of course does not rule out the Airy
phase(corresponding to the minimum of the group velocity
curve) since our observations have not been extended into
the frequency range (7 - 10 sec. period) of this phenomenon.
It does point out, however, that a layer capable of
supporting shear overlying a layer of basalt should be
seriously considered. We may also conclude from our com-
parison with Evernden's curve that Atlantic and Pacific
layering is similar.
Recently Ewing and his co-workers (see Ewing, et al.
(1950,'51, '54); Officer, et al. (1952); Hersey, et al.
(1952), have established some interesting results in
their seismic refraction studies in the Atlantic. A review
of these papers will show discrepancies among the measure-
ments of the investigators as regardslayering and velocities,
however, they are not major ones. We will regard, then,
Hersey's findings (1952) as representative of the results
of their work, and qdote them he r e for cr'parison with the
conclusions obtained from the surface wave study.
Hersey interprets his measurements in two ways, one
of whi;h is the following:
. Thickness Velocity (Longitudinal Waves)
1.. 5.30 kms (Water) 1.51 kms./sec.
2.. 0.42 1069
3.. 2.26 4.31
4.. 2.49 6.64
5 .. 7.94
These results do point to the existence of low velocity
material overlying a basaltic layer as was inferred from
our comparison of the observed Love wave velocities with
the curve calculated my Evernden. However, they do not
hear out the 11 km. thickness of the basalt (o&6.64 km/sec.)
which we surmised from the same curve (Ewing, et al. 1950,
report a thickness of a'-out 5 kms. and a velocity,6.1+2 km/sec.).
It may well ave been that if Evernden had regarded a still
lower velocity overlying that which overlies the basalt
such a thickness (11 kms.) would not have been required to
obtain a decent fit with the observed values.
It is difficult, of course, to make statements concerning
crustal layering from surface wave data because of the
scarcity of theoretical curves which must he available for
comparison. For instance, our observed Rayleigh wave
dispersion may me accounted for by a structure consisting
of three to five layers.
The improvements in observation of dispersion phenomena
which we have presented certainly should warrant the
calculation of such curves -- an undertaking which should
not he too difficult with the means which have now been
made available in the form of electronic computors.
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TABLE I
Rayleigh Wave Group Velocity Dominican Republic Quake
FREQUENCY
.014
.028
.043
.09
.056
.063
.077
.084
.091
.098
PERIOD
c .p.s. 71.5
35.7
2302
20.14
17.9
15.6
13.0
11.9
1100
1001
CENTER
TIME
Sec 6.19
7.67
8.85
12.98
12.68
12.39
11.0 0
14.46
TRAVEL
TIME
Min. 10.54
10.88
11.43
12.02
13.20
17.33
17.03
16074
15.85
18.81
VELOCITY
KMS/SEC.
Min. 3.98
3.64
3.45
3.15
2.41
2.44
2.48
2062
2.22
TABLE II
Rayleigh Wave Group Velocity Atlantic Ocean Quake
FREQUENCY PERIOD
CENTER
TIME
TRAVEL
TIME
VELOCITY
KMS/SEC.
.014 c.p.s.
*021
.028
.035
* 042
.049
.056
.063
.070
.077
.084
71.5
47.7
35.7
28.6
23.8
20.4
17.9
13.0
11.9
Sec.
# .098 N-S
5.90 Min.
6.05
6.19
6.49
7.08
8.45
10.62
18.29
17.70
17.11
16.81
20.06
Questionable
Min.21.16
21.31
21.45
21.7
22.3
23.71
25.88
33.55
32.96
32.37
32.07
35.32
3.83
3.79
3.76
3.72
3.63
3.41
3.12
2.42
2.46
2.50
2.53
2.27
TABLE III
Love Wave Group Velocity Atlantic Ocean Quake
FREQUENCY PERIOD
CENTER
TIME
2RAVEL
TIME
VELOCITY'
KMS/SEC.
.014 c.p.s.
.021
.028
.P035
.042
. 049
*056
.070
.077
71.5 sec.
47.7
35.7
28.6
23.8
20.4
14.0
13.*0
3.54 Min.
3*68
3.77
3.83
3 * 97
4.26
4.72
5.31
5.90
Min.18.80
18.994
19.03
19.09
19.23
19!52
19098
20.57
21.16
4.30
4.27
4.25
4.23
4.20
4.14
4.05
3095
3*83
b. Case II Continental Path
(1) Dta Aalvzed --- Methods Employed.
The data listed helow was obtained from the U.S.
Coast and Geodetic Survey..
Quake (c) Date - Oct. 13, 1953
Epicenter - N.Glf Calif. 30 N 113jW
Time - 08:53:45 G.S.T.
Magnitude 6j (Pas.)
Epicentral Distance 3950 kms.
Quake (d) Date - Dec. 4, 1953
Epicenter - Coast Vancouver Is.
49t N 129 W
Time - 14:54:+6 G.S.T.
Magnitude - 6j (Pas.)
Epicentral Distance - 4450 kms.
Photostatic reproductions of the records of these
quakes may he found on plates (5) and (7).
Data points were read from all seismograms at
approximate ly every .894 seconds; 40 point intervals were
utilized in all spectra calculations. As a result of
this choice n-harmonic frequencies of .014. C.P.S.
o, 1,2. ... 40 were calculated for each Interval.
Density plots of the traveling spectra computed for
quake (e) and (d) are displayed in plates (6) and (8)
respectively.
The methods of obtaining the group velocity curves
have already been mentioned under Case I. Our observa-
tions are tabulated in Tables IV - VII and plotted in
figures (9) - (12). Since there was some question in our
mind as to how a smooth curve could h-)e drawn through the
density plot (U D component) of the Vancouver Is. quake
we have plotted as a result three curves for the Rayleigh
wave group velocity. Of these three, curve "B" seems to
us to be the most plausible, after consideration of travel
time and velocity plots. Curve "A" was drawn in its present
form to display possib'le comparison between the two continen-
tal paths analyzed, although it could have been extended
as the two plotted points indicate. However, the fact
that the excitation of more than one mode might have occurred
to give rise to the two curves should not be overlooked.
We have also reproduced for purposes of comparison
the theoretical curves for continental Rayleigh curve dis-
persion derived uy Haskell (1951) on fig. (11). Figure (9)
contains the curve derived by Wilson and Baykal (19+8).
There is also included on this same figure the re cent
observations of Brilliant and Ewing (1954) of Rayleigh wave
dispersion across the United States. We have also computed
several Love wave group velocity curves of assumed continental
structure and have plotted same on figures (10) and (12).
The assumptions pertinent to each theoretical curve are
contained on the respective graphical plot.
(2) Discussion
Consideration of our dispersion curves for both Love
and Rayleigh waves show marked dissimilarity. Generally
speaking, however, they clearly show that corresponding
groups exhibit higher velocities over Canada and Northern
United States than they do over Southern portions of the
United States. This fact is probally attrib-utable to
greater thicknesses of sialic rock over the latter route.
The observations of Briliant and Ewing (1954) of
Rayleigh wave dispersion across the United States were
made from quakes (Pacific) which took the same continental
path to Weston as did our N. Gulf California quake. It
is interesting to note the similarity between our values
and theirs.
Only in one case, namely, the Vancouver Is. quake,
is it possible to envision comparison between a theoretical
curve and the observed values. In the curves, fig. (11)
for Rayleigh wave velocities we do see some similarity
'between curve B and curve I -- that which was derived by
Haskell (1951) from a two layer case where velocity increases
with depth. Due to the complexity of the calculations
it is difficult to say in what manner the various para-
meters involved should be changed to bring about a decent
fit. We will, however, venture to speculate that an
increase in qt , and q , a decrease in 1., an increase
in the first layers thickness, and a decrease in the thickness
of the seond layer might serve to accomplish the fit
between the two curves.
There seems to "- e no doubt that the scatter of values
ob-'tained for the two paths was effected by a high degree
of heterogeneity in the upper crustal layers. Such a
fact of necessity rules out the method of using a
number of quakes to determine a general continental dis-
persion curve. It appears then that any study of conti-
nental surface wave dispersion must take into consideration
direction of approach to the station and the epicentral
distance, hbecause various paths will most likely entail
different layering.
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TABLE IV
Rayleigh Wave
FREQUENC!F
Gi-oup Velocity
PERIOD
N. Gulf California Quake
TRAVEL VELOCITY
TIME KMS/SEC
35.7 sec.
23.8
1 *3911.9
10.1
8.9
7.95
TABLR V
Love Wave
FREQUENCY
Group Velocity
PERIOD
N. Gulf California Quake
CENTER
TIME
TRAVEL VELOCITY
TIME KMS/SEC
.014 c.p.s.
.028
042
.056
.070
.084
.098
# .112
71. *
35.7
23.8
17.9
14.3
11*9
10.1
8.9
see. -- Min.
3.097
3.5
3. 8344.277
1+.86
4.426
# Uncertain
c.p.s..028
.042
.056
.070
.6084+
.098
.112
*126
Min. Min.
6.04
6.37
6*66
6.80
6.87
6*93
6.93
22.125
22:47 5
22.925
22.990
23.055
23.055
2.99
2 * 9
2.87
2*86
2*85
2.85
Min.
19.222
19.518
19.665
19.959
20.1+02
20.985
20.46
3.1+2
3.37
3.35
3.29
3.22
3.1+
3.20
cE ER
T
TABLE VI
Rayleigh Wave:, Group Velocity Vancouver Is. Quake
(Curve A)
FREQUENCY PERIOD
CENTER
TIME
TRAVEL
TIME
VELOCITY
KMS/SEC
.028 c.p.s.
.012'
.056
.070
.098
.112
.126
.1140
(Curve B)
,028
.042
.056
.070
.082
.098
.112
.126
.140
.154
35.7 Sec.
23*8
17.9
14*.3
10.1
8.9
7.95
7.14
357
23.8;
17.9
14*.3
11* 9
10.1
8.9
7.9
7.1
6.5
1.147
2.95
3*99
4.72
3.25
2.36
1.47
2*22
2.95
2.95
2.65
2.65
3.25
2.36
Min. 21.66 Min.
23 .14.
2 *19
24.32
24.46
23.*44
22.*55
21.66
22.41
22.14
23.1*
22.84
22.84
23.44
23.*44
23.13
22.55
TABLE VII
Lovi Wave
FREQUENCY
Group Velocity
PERIOD
Vancouver Is. Quake
CENTER TRAVEL
TIME TIME
VELOCITY
KMS/SEC
.011* c.p.s.
.028
.042
.056
.070
71.1 Sec.
35.7
17.9
14*.3
.89 Min.
2.22,
2*95
3.*253.39
3.52
3.2
3.08
306
3.04
3.04
3.17
3.28
3*52
3.31
3.21
3*21
3.25
3.25
3.15
3.15
3.20
3.28
19.37 Min
20.41
21.14
21.60
21.72
3.81*
3.63
3.51
3.4
3.4o
(C) Case III -- Pacific and Continental Path
(1) Data Analyzed -- Methods Employed
The data given helow was obtained from the United States
Coast and Geodetic Survey.
Quake (e) Date - Eebruary 26 1953
Epicenter - Santa Cruz Isles 110 S 164?E
Time - - 11:42:26 G.S.T.
Magnitude - 7t (Pas.)
Epicentral Distance - 13,650 kms.
Photostatic reproduction of the component
seismogrzms of this quake may he found on plate (9).
Readings were taken from the record every 1.78 sec.,
and n-harmonic frequencies of .007 c.p.s. (n 0,1,2,--40)
were computed from intervals consisting of 40 points.
The density plot of the calculated traveling spectra are
photographed on plate (10).
The same procedure as mentioned previously in
drawing our dispersion curves was employed here in
plotting the Rayleigh wave group velocity curve. Since
there was some evidence of generation of a shearing motion
transverse to the direction of propagation (Love waves)
we corrected our observed values of Rayleigh and Love
motion for continental dispersion effects, in order to
ascertain which groups -- if any -- were generated at the
western coast of the continent - (Our findingsin this
regard will he presented in a following section). The
curves used for continental correction were our Rayleigh
(curve B) and Love wave observations for the Vancouver
Is. quake, since the continental path of the two were
practivally the same. The groups which were found to
be generated at the source were utilized in plotting
our Love wave curve for the continental path - Fig. (1+).
For comparison purposes we have subtracted the
continental Rayleigh wave dispersion (curve B, Fibg. (11)
from that of the combin ed path, and have plotted the
results in Fig. (13). We assumed that the continental
path was approximately 1+650 kms (the distance from the
2000 fatham line off Vancouver to Weston, Mass.).
A similar curve was plotted for the Love waves on
Fig. (14).
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I
Rayleigh Wave Group Velocity Santa Cruz Isles Quake
FREQUENCY PERIOD
CENTER
TIME
TRAVEL
TIME
VELOCITY
KMS/SEC
71.5 Sec.
35.7
2 .6
23.8
20.4
17.9
15.9
14.3
42.480
43.955
45.135
49-560
53.690
6142
Min. 58.310 Min.
59.785
60.965
62.735
65.390
69.520
79.550
97.25
Love Wave
FREQUENCY
# Questionable
TABLE IX
Group Velocity
PERIOD
CENTER
TIME
Santa Cruz Isles Quake
TRAVEL
TIME
VELOCITr
KMS/SEC
.0014 0p.s.
.021
.028
#.2 R
#.049
.056
.063
.070
71.5 See.
47.6
35.7
28.6
23.8
20.4
17.9
15-9
14.3
35.99
37.17
40.12
4+2.48
44.81+
52.51
59-00
73.75
Min. 51*82
53.10.a.77
55.95
58.33
68. 4
74- 13
89.58
Min. 4.+2
4.29
441
4.06
3*91
3.75
3*31
3.55
2.55
# Questionable
C.p.s.# .014
.028
.035
.056
.063
.020
3. 7'
3.62
3.49
3.27
2*86
2.33
TABLE VIII
C... A Study of Reflected, Refracted and Direct Body Waves.
(a) The Reflected and Refracted Phases.
In the foregoing sections it was noted on those
seismograms which were analyzed over times prior to the
arrival of the dispersing surface wave groups, that the
traveling spectra gave evidence of what appeared to be pulses
of energy arriving at discrete intervals of time. Suspecting
that these occurrences might well be correlated with the
times of arrival of the various P and S phases we undertook
to compare the center times of these pulses with the travel
times given by Gutenberg and Richter (1939) and now circulated
by the United States Coast & Geodetic Survey. The results
were very encouraging, displaying in each instance remarkable
correlation in arrival time.
We have arbitrarily chosen our maximum error as being the
time from the center-time of the interval to the extremities
of the interval in question.
Hence we have for
Dominican Republic Quake +.295 Min. --Region A
t.590 " -- "B
N. Gulf California Quake -- !.295 "
Atlantic Ocean Quake - .295 "
Santa Cruz Isles Quake - .590 "
In Tables X - XIII below we have listed the results of
this investigation for four of the quakes analyzed in this
report.
"V___
TABLE X
Dominican Republic Quake
Dominant
Frequencies
.000-.070 c.p.s.
.000 - .014
.070 - .560
.126 - .560
Travel Time
(Gutenberg)
5.00 Min.
5.50
8.70
9.15
Travel Time
(Trav.Spec.)
5.23 Min.
5.28
8.18
9.22
Center
Time
.885 Min.
1.63
3.83
.87
TABLE XI
Atlantic Ocean Quake
Dominant
Frequencies
Travel Time
(Gutenberg)
Travel Time Center
(Trav.Spec.) Time
.075 - .063 c.p.s. 14.90 Min. 15.85 Min. .59 Min (E-W)
TABLE XII
N.Gulf California Quake
Dominant
Frequencies
Travel Time
(Gutenberg)
Travel Time
(Trav.Spec.)
.070 - .560 c.p.s. 17.25 Min.
.000 - .560
.000 - .560 ---
18.19
18.62
29.10
Min. 2.07 Min.(U-D)
2.50 (E-W)
12.98
TABLE XIII
Santa Cruz Islands Quake
Dominant
Frequencies
Travel Time
(Gutenberg)
Travel Time
(Trav.Spec.)
c*p*s. (20.90)
.084 (21.65) Min.
.070 23.00
.077 30.85
.063 32.03
.028 33.05
.019 37.95
.021 40.60
.042 41-85
21.54
22.91
30.89
31.77
33.53
3 8.25
.61
42.09
Min. 5.71 Min.
7.08
15.06
15.94
17.70
22.42
24.78
26.26
Phase
P
PP
S
Love
Phase
S H
Phase
ScS (V)
ScS (H)
Center
Time
Phase
PP)
PKS )
PPP
PS
PPS
PPPS
PSPS
ScSScSSSS
Center
Time
.063-
.063-
.035-
.028-
.000-
.021-
.000-
.021-
IFP
With regard to the Dominican Republic Quake we found
it difficult to ascertain the nature of a prominent wide
frequnncy hand emergy pulse which occurred on both U-D and
3-W component records at 20:15:03 G.S.T. (Center Time
11.46 Min.). At first we thought that might be some
reflected S phase caused by the P hut the frequency spectrum
of this pulse contains energy outside that of the P for
this quake. Comparison of its spectrum with that of the S
showed striking similarity between the two and the likeness
seemed to suggest a reflection of the S, however, the travel
time charts indicate nothing of such a nature arriving at
the time in question. It seems that all that one has left
to explain the occurrence of this phase is the Love wave,
when one takes into account the band of frequencies involved.
Further consideration of the difference in time between
the arrival time of this phase and the Love wave strongly
suggests the generation of a "Rayleigh" wave by the Love
wave as it strikes the continent. The nature of the
components of the motion indicate retrograde elliptical
motion in a plane, perpendicular to the direction of travel-
a screw-like motion - and seemingly detracts from this
notion. Definite statements, however, must necessarily
await further mathematical analysis and observation.
(h) The P-Wave
A generally accepted definition of earthquake magnitudes
proposed by Richter (see Bullen) is the following: magnitude
is the logarithm (to the base ten) of the maximum amplitude
(measured in microns) traced on a seismogram by a standard
short-period seismograph (free period 0.8 sec.; statical
magnification 2800; damping coef. o.8), distant 100 kms.
from the epicenter. Empirical tables for quakes of normal
depth have been set up to enable reduction of amplitudes
measured at various distances to the expected amplitudes
at the standard 100 kms. These tables have been built on
the assumption that the ratio of the maximum amplitudes at
two given distances is the same for all earthquakes. Since
these assumptions are not strictly true many observers have
advocated the use of P-wave period in establishing the
magnitude of an earthquake.
For instance, Kanai, et al. (19 5 3 ) claim that the
amplitude of earthquake motion is considerably influenced by
direction, damping, construction of earth crust and property
of the ground near the observation point. Then it is easily
seen that the relationship between the amplitudes at
earthquake origin and at the observation point is not so
simple. Therefore, in general, there will be a considerable
inaccuracy in determining the energy or magnitude of earth-
quake by using the amplitude of earthquake motion even if we
adopt the initial motion of P-waves which is considered to
communicate the characteristics of seismic waves generated
at the earthquake origin comparatively well.
"On the contrary, the period of seismic waves, partic-
ularly that of the initial motion of P-waves, can he con-
sidered to keep the characteristics of the waves unchanged
from the earthquake origin to the observation point. Con-
sequently, if the relation between the period and the energy
can Ie clarified, the energy or the magnitude of earthquake will
be given more accurately by usihg the period of seismograms
than by using the amplitude.,"
More recently Kanai, Osada and Yoshizawa (1953) have
inaugurated and extended studies of the relation between
the period and amplitude of the P-wave. The results of
their studies indicate among other things that the amplitude
is roughly proportional to the square of the period of the
motion of this wave. It may he reasoned then, that for quakes
of similar magnitude, there should he a noticeable decrease
in period with increase in epicentral distance.
It would seem, then, that if any determinations were
to he made from the period of the P-wave exact analysis of
same for frequency content should be preferred over any
rough determinations which might be made by measurement with
dividers and time scale. Is we have shown previously the
frequency estimates of a function of time are obtained by
determining the auto-correlation of this function and
performing a cosine transformation on this to obtain the
power density spectrum.
7
In an effort, therefore, to test and display the
usefulness of spectrum analysis in this regard we have
determined the power spectra of four P waves from quakes
of various epicentral distance. The data pertaining to
these quakes and listed below were ob)tained from the United
States Coast & Geodetic Survey. The results of our
calculations are depicted in figures (15) - (18).
Date
Epicenter
Time
Magnitude
Distance
II Date
Epicenter
Time
Magnitude
Distance
III Date
Epicenter
Time
Magnitude
Distance
IV Date
Epicenter
Time
Magnitude
Distance
May 31, 1953
Dominican Repu-lic 200N 70OW
19:58:35 G.S.T.
7 (Pas.) 7j (perk)
2,500 kms
Dec. 12, 1953
Peru 3jos, 810 W
17:31:22 G.S.T.
7-3A (Pas.)
5,150 kms
Dec. 7, 1953
N. Chile 220S, 68t 0 W
02:05:37 G.S.T.
7* Pas. Depth - 100 kms
7,220 Kms
Sept. 23, 1953
N. Kurile Is. 50 N, 1560 E
02:14:36 G.S.T.
7 Pas 6f (Berk)
8,650 kms
Comparison of the magnitudes of quakes I - III and the
spectra of the corresponding P-wave shows that the expected
decrease in period with distance for quakes of approximately
the same magnitude is a fact for the predominent period
involved, although quake IV seemingly indicates the opposite
effect. The period of quake IV should have been the least.
See Kanai (1953). It would seem that the only way to account
for Quake III and IV having the same prevailing frequency
would he to increase the magnitude of quake IV given ihy the
Coast & Geodetic Survey. It may he, however, that effects
other than energy play a more dominating role in this
instance. For example Kanai, et al. have established the
relation
whe m a is the radius of the origin (assumed spherical),
T is the P-wave period measured at a station, and X is
the shear wave velocity in the vicinity of the focus. It
can he easily seen, then, that if the radius is assumed to
he constant in all quakes, deeper foci will- erise to
shorter P-wave periods.
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D.. The Possibility of Surface Wave Generation at the Edge
of a Continent
In a previous section dealing with Rayleigh and Love
wave dispersion from a quake occuring in the Santa Cruz Isles,
we had occasion to mention the procedure we used in
determination of groups which we believed to have been
generated at the source. We repeat, that the continental
dispersion for both types of surface waves determined from
the Vancouver Is. quake was subtracted from all groups
which evidenced themselves on the traveling spectra of the
U-D and E-W components of the Santa Cruz Isles quake. Our
method was to determine the continental travel time from our
observed Love wave and Rayleigh wave (curve B) curves for
a 4,650 km. path and to subtract these times from the center-
times of the respective groups or pulses which we observed
for the Santa Cruz quake, plate (10). This correction
should then have given the "center-time" arrival time of
the Rayleigh and Love groups at the Pacific edge of the
continent. Our results for this computation are listed in
Table XIII.
Such a listing of groups enabled us to determine
fairly accurately which groups were from the source, for
in most instances the Love center-time at this point
would differ from that of the corresponding Rayleigh group
by approximately three to four minutes, which roughly
should be the case if the two traveled across the Pacific
to this point.
It was noticed in the tabulation of these results that
several Love and Rayleigh groups exhibited approximately
the same center-time arrival time at this point. If we
should arhitrarily coose our maximum error as being the time
from the center-time of the interval to the extremities of
the interval in question, namely, !.590 min. we then see
that fairly good agreement is had in these instances. It
may be possible to discredit this by hetter observations of
surface wave dispersion across the continent, by consider-
ations of chance, 'y identification of the groups in
question as being something other than surface waves, or
by determining the direction Of approach of these waves as
being inconsistent with a direction which is direct from the
source to Weston. However, we do claim that the evidence
clearly suggests the possibility of generation of Love waves
by Rayleigh waves (or visa versa) as they strike the
continent.
A firm basis for such a claim, of course, can only be
established by further observations and theoretical
considerations.
TABLE XIII A
Continental Travel Times
LOVE WAVE
(4,650 kms.)
RAYLEIGH WAVE
.014 c.p.s.
.021
*028
.042
* 049
.s056
.063
.070
20.1 min.
20.6
21.3
21.8
22.3
22.5
22.6
22.8
----- min.
22.0
22.9
23.1+
24.2
TABLE XIII B
Time of Surface Waves at the Pacific Edge of the Continent
GROUP
(FREQUENCY)
LOVE WAVE
CENTER-TIME
RAYLEIGH WAVE
A CENTER-TIME
.028 c.p.s.
.035
.042
.049
.056
.063
.056-.063
.070
38.914 min.
2.88
1+5.73
1+3.36
40.12?
46.32
1+2.48?
49.56
44+.84?
52.51
48.38
1+2.77
59.00
48.*09
1+2*77
64. 1
65. 9
69. 0
1+2.1+8
1+7.20
73.75
17.64
21.18
23.93
21.56
18.32
27.02
22.30
30.01
25.88
20.27
36.40
25.49
20.17
41.76
42.74
46.48
51.79
19.68
24.40
50.25
min. 43.95 min. 21.95 min.
22.23
49.56
50.71+
53.69
55.1+6
63.72
66.08
69.0o
71*71
76.11
24.01
25.86
27.04
29.57
31.36
39.52
411.88
44 8j47',7
51.93
50.28
57.12
A-- Love center-time
B-- Rayleigh " "t
minus continental travel time.
ft i t t
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E... A Study of Microseisms
Recently, Dr. K. E. Haq (1951) in a doctor's thesis
at M.I.T. has clearly shown that the microseisms are gener-
ated by standing ocean waves which are formed by a system
of traveling waves of approximately the same period
coming from opposite directions, as originally proposed
by Longuet-Higgins (1950). His investigations and argu-
ments, in addition, completely negate microseisms being
generated by the pounding of surf against a rocky coast,
which method has been vigorously defended by Gutenberg and
others.
Miche (1944) has shown from a theoretical study
of wave motion that the ocean bottom beneath a train of
standing waves of the form
= a cos kx cosP t + O(a2
where 2= gk tan kh
k
Z = *** the ocean surface
Z = -h *....* the ocean bottom
will he suhjected to a fluctuating mean pressure,
P = gh - _1 a2  2 cos 2pt + O(a3 )
2
P
whose frequency is twice the frequency of the waves on
the surface and whose amplitude is proportional to the
square of the amplitude of the stationary waves on the
surface. Haq (1954) has already shown this frequency
relationship to '-e a matter of fact in his investigations
of the power density spectra calculated from microseisms
recorded at Weston Obhservatory, Weston, Mass. and from swell
records oitained from Woods Hole, Mass. and Gilgo, L. I.;
and also by comparing periods of the microseisms with
those of the ocean waves reported from the weather ship
4YH, located 36 0 N 700W.
Theoretical considerations show that if the depth of
water
h =L + j
where h ....depth of water
*...wave length of compression al waves in water
n ....O, 1, 2,
the amplitude of microseisms may increase by a factor of
4 - 5 due to resonance effects. We can see, then, that if
standing waves are situated over an ocean floor which is
varia;le in depth, many frequencies will give rise to
resonance and the generated microseisms will contain wide
hand of frequencies. Should the standing waves occur in
those regions of the ocean whose depth is constant the
microseisms arising therefrom will exhibit narrow band
frequency spectra. Further speculation seems to indicate
that if the area of origin is near to the recording station
those frequencies which are not those of resonance and which
are relatively of minor importance will also contribute to the
broadness of the microseisms frequency spectra. As this
generating area hecomes further removed from the station
those frequencies, and especially the higher ones, which
are not favorable to resonance, will become of increasingly
less importance due to effects of decay and absorption.
In view of the aforementioned considerations we
would in actuality expect to find for a storm proceeding
from the land i1ut over the continental shelf into deeper and
deeper water, microseisms frequency spectra displaying in
time increasing narrowness, and increasing predominance
of the lower frequencies. It has been Haq's observation
"that at the beginning of a storm, microseisms are usually
low in amplitude and very irregular in character, at which
times the fronts are usually on the shelf or at the edge
of it. As the fronts move into the deep water regions,
where the depth is more uniform, the microseisms increase
in amplitude and look like regular pulses. This shows that
the depth of water in the generating area has a significant
effect on the nature of microseisms." (Ahove is evident on
plate(1/).)
We have in an effort to confirm the veracity of these
speculations, calculated the traveling amplitude spectra --
of the two minute intervals -- and power density spectra --
of thirty second intervals -- of four samples (separated
by approximately twelve hours) of microseisms. The storm
in question was recorded at Weston December llth through
December 13th, 1953, and the seismograms from which the
samples were taken were the long period verticals.
Photostatic reproductions of those portions of the microseism
record utilized may he found on plate (11); the actual two
minute samples employed in this study occur between the
superimposed brackets. The progress of the storm's intensity
as far as microseisms and wave heights at 4 Y H are concerned
are depicted in fig. (19) (Courtesy of K.E. Haq).
In general, the storm was caused by the eastward passage
of a cold front from the coast of the United States into
the Atlantic Ocean; the actual details of meteorology,
and the method of generation of standing ocean waves in this
storm have been adequately described by Haq in his "Case 1"1.
According to Haq,standing waves were generated on the shelf
at approximately 16:00 G.S.T. Dec. llth, over the slope at
a-out 4:00 G.S.T. Dec. 12th, in deeper regions at 16:00 G.S.T.
Dec. 12th, and farther into the ocean at approximately 4:00
G.S.T. Dec. 13th.
The traveling spectra figs. (20) through (21) computed
in the vicinity of these respective times show that, as time
proceeds, the spectra become more sharply peaked. Figs. (22)
-- (25) depict this fact in two dimensional form. The two
resonant peaks at .225 and .36 C.P.S. at 16:00 Dec. llth would
seem to indicate that the standing waves had proceeded
farther out onto the shelf than Haq had expected from
meteorological considerations at that time. At 4:00 Dec.
12th we see that the major contriution of, frequencies
exists in the hand .135 -- .36 C.P.S. with a maximum at
.24+7 C.P.S. At 16:00 G.S.T. Dec. 12th the hand of
frequencies is .1+7 -- .36 C.P.S. with the major contrib- ution
from .225 C.F.S. In fig. (25) we see that the same hand
of frequencies,-- with the same maximum -- occurs at +:00
G.S.T. Dec. 13th, although the contri'bution from higher
frequencies (.63 - .81 C.P.S.) is decidedly less.
This study shows rather conclusively that in one instance,
the resonating phenomena expected from considerations of
the standing wave generation of microseism is indeed a
fact. In addition to this, if the nature of microseisms
and their spectra are studied as the storm proceeds we see
that additional evidence is had for the standing wave
theory of generation. For at the heginning of the storm
the microseisms are irregular and the spectra are of the
wide hand type as the storm proceeds into deep water
the microseisms appear as pulses and the derived spectra
are more narrow with major contributions at lower fre-
quencies. Such phenomena could hardly he expected from
surf action on a rocky coast. As a matter of fact no
change would he evidenced, as already shown by Haq's spectra
on this matter.
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F... The Phase Spectra of Seismograms.
We would, at this time, like to report that the high
hopes we entertained for traveling phase spectra, which
we have already described in the first chapter, did not in
actuality materialize. Possibly improvements of our
techniques in this respect or applying it to other hranches
of geophysics may bear more fruit. For example, studies
of the phase relations between variations in telluric
current and the earthts magnetic field as suggested by
Cagniard (1953) and Wait (1954) may be profitable.
We present, nevertheless, the results obtained for trav-
eling phase spectra in one instance from our analysis of
a quake which occurred in the N.Gulf of California (already
described) in Plate A solely for the purposes of illustration.
TRAVELING SPECTRA (PHASE) - N. GULF CALIFORNIA QUAKE
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G... A Study of Seismic Prospecting Records
The success achieved in a foregoing section of
correlating high amplitude spectra pulses with reflected
and refracted energy of P and S phases of earthquakes sug-
gests the possibility of using such means as travellihg
spectra to ascertain the presence of reflections not visible
on prospecting seismograms. It seems doubtful at the
present whether such a procedure would he able to pinpoint
a reflection to the millisecond, but it would he of use
in some cases in determining positions of the record which
do not constitute reflected energy. To these regions
*
then it would he possible to fit a linear operator for
purposes of filtering the record to hetter enhance the
reflections. Thus far the determination of the regions
of the record over which such operators are fitted has
been rather arbitrary.
All the records which we have analyzed in this section
have had data points read every 2.5 milliseconds. The
travelling spectra have been calculated from successive
forty point intervals overlapping Iy 75%. It is possi-le
that such a technique could he enlarged on to brihg out
better portions of the record consisting of reflected
energy, times of arrival and characteristics of each
reflection, by taking shorter intervals with more closely
read points, hy overlapping intervals a greater amount,
by investigating high frequency contribution, etc.
(*) The Jeophysical Analysis Group of M.I.T. has devoted much
attention and research in this direction in recent years. Their
reports #1--#5 and the paper by Wadsworth, et al.(1953) explain
this reseArch quite thoroughly.
However, we will present our results that have Neen obtained
to date for three such records.
(1) Presentation of the Results.
(a) A Record Containing Many Visii-le Reflections
Recently the Atlantic Refining Co. has supplied a
number of records from Roosevelt County, New Mexico to the
Geophysical Analysis Group for analysis. All the records
exhi.14t a large numb-)er of reflections. The record shosen
here was M.I.T. Record 7.4.
Twenty equally spaced groups of three seismometers
each weie used in a straight line in each spread, the inter-
val hetween groups bheing equal to the group length. The
frequency response curve of the amplifier and filter used
on these records is given in fig. (26). Mixing in this
record consisted of the addition of one half the output of
each group of three seismometers connected in parallel
to the output of the group next farthest away from the shot
point. Each trace represents the recording of the output
of such a combination. A reproduction of Record 7.4 may be
found in Plate (12).
The results of a velocity survey taken in the locality
are given in fig. (27). There is also given in this figure
the tops of geologic formations present in this area.
The results of our computation for traces 1, 4, 7, 10,
13, 16 and 19 depicted photographically on plate (13).
We have also actually contoured the frequency time plot
of trace 1 for purposes of comparison with the corresponding
density plot. This cohtour is found on fig. (28).
In the following tab-le we have listed the times of
arrival of the reflections obtained from the record, together
with traces whose traveling spectra seem to put the reflection
into evidence bhy large power contribution at a particular
time.
TABLE XIV
TRACES WHOSE TRAVELING SPECTRA EXHIBIT REFLECTIONS BEST
Reflection Time Trace
.690 sec. T - 1, 7, 10, 16
.820 -.830 T - 1, 1+, 7, 10, 13, 19
.880 T - 1, 13, 19
.970 T - 1, 2, 7, 10, 13, 16, 19
1.030 T - 13, 16, 19
1.110 - 1.120 T - 1, 4, 13, 16, 19
1.180 T - 1,4 7, 10,13
1.260 T - 7, 10, 13, 16, 19
1.330 - 1.350 T - 19
1.360 T - 1+, 7
1.380 T - 1, 1, 7, 10, 13, 16, 19
1.430 T - 13, 16, 19
1.800 T - 10, 13, 19
(b) Record Containing Few Visi Kle Reflections
This record was supplied 1-,y Magnolia Petroleum Co. to
the Geophysical Analysis Group for analysis, the results of
which have already been reported by Wadsworth, Roinson, et al.
(1953). The only information pertaining to this record which
is designated as M.I.T. Record No. 1 or 10.1 may -e found1 on
the reproduced record, Plate (14).
1
ji~
The traveling spectra for traces 1 - 6 of this record
may i-e found on plate (15). Our ability to determine re-
flected energy by means of these analysis is recorded in
the following table, which, as in the foregoing section,
displays those traces from which spectral analysis was best
in this regard. Reflection times we m picked by Magnolia
and are shown on plate (14).
TABLE XV
TRACES WHOSE TRAVELING SPECTRA EXHIBIT REFLECTIONS BEST
Reflection Time Traces
.51 - .54 sec. T - 1 to 6
1.00 -1.0+ T - 1 to 6
1.16 -1.2+ T - 1 to 6
(c) Record Containing No Visible Reflection
This record was also furnished to the Geophysical
Analysis Group by Magnolia Petroleum Co. from a prospect
in HendersonCo., Texas. The charge used was 5 lbs. at 295
ft. Each trace represents the recording of nine geophones.
The record is shown in plate (16) and is designated as 10.9
Reflection times on the top trace T 1 are marked by
The times were determined by Magnolia from a different
shooting procedure.
Our traveling spectra for the top four traces are shown
in plate (17). A comparison of the traveling spectra and
the reflection times on plate (16) shows that all five
are displayed fairly well by the spectral analysis of traces
1 and 3 and extremely well on traces 2 and 4.
It is evident from our foregoing analysis that much
can still be done to perfect our method, if it is, in the
future to be seriously considered as a means to assist in
the determination of reflected or refracted energy. What
has transpired thus far should Ie regarded as pxperimental,
the hope being that what has been presented here will
stimulate more research in this direction.
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Appendix A
APPENDIX A
Description and Use of the Poaver Spectrum Programs
The following outline separates these programs into
two groups - the separation being based on the nature of
the data which is to be operated on. In each case,
whether the output be a spot on a photograph or in digital
form, the information is representative of the square of
the amplitude spectrum or the power spectrum.
I, A. Input: Auto correlation function
B. Output: An option exists for the use of either
direct or delayed printer. In particular
there is for the smoothed spectra --
106-+ 3 -05018 - Direct
106-43-05019 - Delayed 20 Lags
106-43-05014 - Direct
106-43-05015 - Delayed 40 Lags
106-+3-0502+ - Delayed
106-43-05025 - Direct 80 Lags
106-43-05016 - Delayed
106-+3-05017 - Direct 100 Lags
C. General: Should additional spectrum programs be
desired it will be necessary to prepare a table of cosines
to be stored in registers 1310 - 1372 and also to present
the following registers:
715 -(M-1)
716 - N-1)
717 + N-2)
720 - N-1)
721 - (N-1)
722 -*M
731 0 1 0110
733 
-(N-3734 -N-3)
736 +(N-1)
77 -l(-1 /2
740 -(N-1) /2
747 + (N-2}
756 + (N-1) /2
767 A "filing" flexo character if so desired. m
where M = no. of spectra to hne calculated
IF = no. of autocorrelations to me used
in the calculation of each spectrum.
e~g. for 100 lags N = 101
Furthermore if an option is desired between a smoothed
and unsmoothed spectrum the following registers should h~e
present
263 - sp. 274 ---- if just the smoothed spectrum
is desired
1062 - sp. 1071 --- if just the unsmoothed spectrum
is desired
The following tapes are then attached in the order
indicated below
l 106-43-05008 (Basio Pr6gram)2 106-43-05010 (Factoring Routine)
3 a. 106-43-05011 - if direct output is desired
b. 106-43-05003 - if delayed ti 1 ft
4) Tape containing the aforementiohed cosine
table and preset registers.
D. Preparation of Data: to prevent over-flow it is
necessary to factor the data to the form _ . OXXX
e.g. (.j 35789 : + .0358)
after the mean has been subtracted. Thereupon the first
and last value of those values to be used in the calculation
of one spectrum are divided by two.
Having accomplished the foregoing these values
RR R R M
* 1, R2....2 ) are placed in registers,
(1373) ----- (1373 t N)
The values of R for the following spectra to be calcu-
lated are placed in succeeding registers.
Registers 1373 - to - 3777 are to be used for data
storage.
B. Error: All values calculated are in error by approxi-
matesly T 0.3 percent.
All values calculated (E's or U's) should he multiplied
by 2x, where x is the reciprocal of the dats scale factor.
F A Typical Performance Request:
1) E Si 1 "on"
2) 106-)+3-05018
3) 106-(--)-(----) Data Tape
4) Put (-M) in Reg. 722 (octal) - (this is done if
722 has not been preset on data tape)
5) S.A. 130
where M is the no. of spectra to be computed.
1 4 a i" Ot$ '
II. A.Input: Equally spaced trace readings.
B.Output: There are a number of options in this case
as is evidenced below. The means of distinction lies in
that S.A. request which is starred inF. of this section.
a) Scope or Density Plot Output
OUTPUT TO BE USED WITH
1. Four pictures 2-4+0 lag tapes, 20 pt. skip RS or
96 Spectra 2.80 " " 10 " " S.A.307+
2. Two pictures 1.80 lag tapes 10 pt. skip S.A. 3267
48 Spectra
3. Two pictures 2.80 lag tapes 20 pt. skip S.A. 3261
48 Spectra
b) Direct Print Output
1. +0 lag tape S.A. 3246 Present 3107
2. 80 lag tape S.A. 3232
If data for each spectrum desired are on separate tapes,
then for:
1. 40 lag tape 8.A. 3212 S.A.3007 for additional
calculation
2. 80'lag tape S.A.3200 S.A.3007 for addational
calculation
c) Delayed Print Output
1. 40 lag tape S.A. 3253 Preset 3107
2. 80 lag tape S.A. 3242
If data for each spectrum desired are on separate tapes,
then for:
1. 40 lag tape S.A. 3226
S.A. 3007 for additional
2. 80 lag tape S.A. 3223 calculations
In each of the ahove cases the following tapes alone may
be used
106-43-05027 +0 lag combined tape
106-43-05026 80 lag " "
106-1+3-05028 100 lag " "
C. General: Should additional combined tapes warrant con-
struction, instructions given in . of the preceding section
(I) should he followed in the development of a fundamental
tape.
Thereupon the following registers should be preset.
11+01 f i
1402 t K
1412- N'
1413 -N'
1414 -NJ
1415 - N'
11+16 -N
1424 - M
1425 - M
Where: 1 ~ no. of spectra to be calculated from
each tape
K no. of points to be skipped in each
succeeding spectrum calculation
N: lag no.
If scope output slone is desired speedier calculation
may be obtained by preseting registers --
733 to (-42)
734 to (-42)
The desired tape is then a combination of the following
m~v
1. fundamental tape
2. 106 -+3-0502i = Autocorrelation routine
3. 106-+3-05023 = Control routine
4. "Present register" tape.
D. Preparation of Data : All data should be in the
form of decimal integers. In general the data tapes should
be prepared much in the same way as previous GA "data" or
"trace -reading" tapes, i.e.
1051+ - Mean
1055)
Data
S.A. 1033
In particular, if density plots or printouts of
"traveling spectra" be desired, it would be advisable to
prepare tapes containing
a. 511 Successive readings for 40 lag spectra
b. 541 " " " 80 " "
c. 676 " " " 100 " "
If this is accomplished it will be possihle to calculate
a. 24 -- 1+0 lag spectra with 10 pt. skips
b. 24 -- 80 " " " 20 pt. "
c. 24 - 100 " t "i" 25 pt.:
£. Error: All digital calculations are about
4, 0.3 percent in error.
To obtain the true magnitude of each line spectrum
a multiplication factor os 20,000 would be in order.
F. A Typical Performance Request:
a. Scope Output or Print-out of More than One Spectrum
1) E, Si 1 "ton"#
2) 106-+3-05027
106-+3 26 RI
106-4 3  28
3) Put (106 ---------) (data) in petr
4) a. R.S. -- (if density plot is to be used)
b. S.A. -- (if print-out) -- ( if B.)
5) Put (106 --------- ) (Next data tape) in petr
immediately.
Si L "off"
After computation eases (sto 3002)6) E, Si 1 "off" First 30 points
of each spectrum
7) 3451 P 12 RI, RI
6) E, Si 1 "on"
7) 3451 P 12 RI, RI First 41 points
of each spectrum
8) 3451 P 15 RI, RS
L.B. 6 - 8 are requested only in the case of scope
output.
b. Print Out of One Spectrum at a Time
1)E, Si 1 "on"
2) 106-43-05022
106-43-05026 RI
106-43-05028
3) Put - (106-------) (data) in petr.4) S.A. ------- (of. B.)
If additions1 "one-spectrum" data is had request;
5) Put (106 ------ ) (nest data tape) in petr.
6) After above computation ceases (Si 0 130)S.A, 3007
N.B. The above 4+ picture output requests assume
that the "phase density" routine in the density plot
program (31 51 P 12 etc.) has been altered to operate on
amplitude spectra. If 3+51 P 12 is used and picture 3 and
4 are desired it will be necessary to do the following
after pictures 1 and 2 have been obtained.
a) E, Si 1 off
b) 106-43-050 RI
c) 3451 P 12 RI, RI
J02 3 02 j AE
03 72___ 
__ 03
04 3 04
0--5 05 7 z
-. 06 zt010- 06 4-"Ax07 307 -"I
2 12 A )
33 AL3 y
6 At z 6
7 t17
2|
22 22
- 23 y23
24 p2
25 g 25
26 26[
27 271S_
30 30 oev
3, 31 VSr
32 p2
33 d233
35 2,3
3636 
' 137 37
44 44
45 y45
46 9 46
47 47
50 50
-- 5| 
_5
52 71" 
_52
53 53
-54 54
55 y5
56 5
57 e. rgt 57 3
60Go[ 60
62 6 p2 s
63 63
64 64 y ?
65 ja65
66 66
67 A ,67 f,
70 AV?070 I;tC
71 cr 71 tZ
72 O A_72
-73 73
757
77 77
MIT DIGITAL COMPUTER LABORATORY
OCTAL PROGRAM FORMR., 5TITLE INDEX
AUTHoR 00; //DATE
TAPE NUMBER
04
Appendix B
APPENDIX B
Description and Use of the Amplitude and Cross Spectrum Programs
I. Amplitude Spectrum
A. Input: Discretely spaced points or trace readings.
B . Output: At present options exist for delayed printer
and scope (density plot) or scope output only. In each
case the spectra attained are representative of spectra of
overlapping intervals. We have the following*
1) Scope
106-43-27 Smoothed spectrum 40 r'lagsi
106-43-06008 Unsmoothed " 0
106-43-06009 Smoothed " 80
106-43-06016 Unsmoothed " 80
106-43-06011 Smoothed 100
106-43-06013 Unsmoothed 100
The 40 "lag"- programs have a 10 point skip between in-
tervals and calculate 48 spectr. The density plot routine
displays two amplitude spectra pictures - 24 spectra each-
and two phase spedtra (corrected) pictures - 24 spectra each.
The 80 "lag" programs, above, have a 20 point skip dis-
tance , and calculate 24 spectra. The density plot displays
two pictures - one amplitude and one phase spectra (corrected).
The 100 "lag" programs have a 25 point skip between
successive intervals, and calculate 24 spectra. The density
plot is the same as for the 80 "lag" programs.
We have in addition to the above, for 80 "lags".
106-43-06022 - smoothed 80 "lags"
106-43-06023 - unsmoothed
These programs utilize a 10 point skip between intervals
and calculate 48 spectra. The density plot in this case
is the same as that mentioned for the 40 "lag" programs.
1) Delayed Printer and Scope
106-4!+3-06014 - Smoothed 40 "lags"
106-43-06015 - Unsmoothed
106-43-06017 - Smoothed 80 "lags"
106-+3-06018 - Unsmoothed
106-43-06019 - Smoothed 100 "lags"
106-1+3-06020 - Unsmoothed
The output for this option will he the "digital" spectra
the phase and amplitude spectra of the intervals involved.
The print-out is in this order.
We have for
a) 40 "lags" a 10 point skip and a total of +8 spectra
b) 80 " 20 " T t t " f " 24 "
c)100 " 25 " t t I" t 21+
Should, in addition to the abliove the cosine and / or
sine transforms he desired, ca 766 (octal) should be
returned to 1+00 (octal).
In the above description "smoothed" and "unsmoothed"
spectrum refers to the cosine and sine transform's being
smoothed or not being smoothed by the Tukey method individ-
ually, before calculation of the amplitude or magnitude.
Also the term, "lag", is synonomous with "discretely
spaced points".
44
C. G eneral: All of the afore mentioned tapes are
combined tapes. The general make-up of each is somewhat
as follows:
I Data Factoring Routine
This factors the data and stores same on
the magnetic drums, in such a way as to be
appropriate for computation of intervals
which overlap bY 75 percent.
II Phase Amplitude Calculation Routine (3436 M 21
3k36 M 17)
This routine is read in and then thrown on
the drums. On the scope output tapes
before the "sp block" we have the following
606 sp 615 - circumvent amplitude print out
320 -
321 -41
514 -40
515 -40
516 -1+0
460 sp 2251 This must occur before the
467 ca 515 "sp block" in all cases.
473 sp 2067
III Tangent, Angle Sine, and Sine Sign Table
(Tape 3436 M33
This routine is read in and immediately stored
on the drums. Depending on the number of
points per interval as new sine table is
added on before the "sp block". The values of
1800
the sines to be added will be for 00, n ,
218002n ).. where n equals the number- of points
per interval. The number of points per
interval is not to exceed 100.
IV Sine and Cosine Transform Calulation Routine
1 (Tape 3436 M20)
2 Data Read in Routine and Phase Correction Routine
(Tape 106-43-18)
A cosine table (the reverse of the above sine
values) is added. The first value being placed
in 1000 (octal).
On the scope output tapes the following modifica-
tions occur hefore the sp block
733 -45
73 -45
2067 sp 2070
2100 sp 2101
2127 sp 2130
2166 sp 2176
2423 sp 3
2110 ad 2 72
2.37 ad 2472
24.72 + 41 (decimal)
In addition to the above changes we have for the 80
and 100 lag tapes,
2213 sp 2220
2223 -9 After third sp block
2415 -14
627 -9 After first sp block
Registers 560 through 563 contain drum and register
of the first factored (halved) value of the overlap in
question. In explanation, four drum groups are used for
the factored data each having appropriate and different
values fac~ored by .5. Diagramatically, the data for each
spectrum is stored as follows:
v- Drum Groups
Registers containing
halved values.
1W A MU
D. Preparation of Data: Data is prepared much in
the samd fashion as other GAG data. All points or trace
readings are positive decimal integers and appear in
registers 1055 etc. The mean appears in 1054.
In particular we have for
40 lag spectra and a total of 48 spectra - 511 points
80 "t it ft i t 21+ - 4 t
100 " " " " " 24f " - 676 "
All data is typed for 5-56 bisic conversion. A "start
at 0" is usual for most data tapes. Howecer, "start at
1033" may appear if this data is to he used with the auto-
correlation spectrum programs.
E. Typical Performance Requests
1) Scope Output - (+0 lags)
1) E. Si 1 "off'
A 2) fh 106-1+3 ----- Data - RI
3) fb 106-43 -25 RI. RI, RI, RI
--- After computation classes - (Si 0 2153)
B 4) E, Si 1 '(off"
5J 3451 P 12 RI, RI
1+) E, Si 1 ton"
C 5) 3461 P 12 RI, RI
6) 3451 P 16 RI, RS
B and C are the density plotting routines
B - is used shoi4d the first 31 points of each
spectrum be desired
C - is used if the first 1+1 points of each
spectrum are desired.
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In this connection, we may reiterate that points of
the spectrum are plotted vertically while center time or
succeeding spectra are plotted horozontelly.
2.. Delayed Print Output
This is the same as the foregoing save that B or C
are omitted.
II.. Cross Spectrum
A.. Input: Discrete points of the crosscorrelation function.
B.. Output: Cross spectrum and phase difference. At
present only delayed print output is possible; the tapes
used in calculating amplitude spectra are applicable in this section
C.. Preparation of Data: Bothe and should have the
mean subtracted and also befactored by .0010. They both
should appear in registers 1055 ---- etc. All data for
succeeding spectra should follow in succeeding registers.
After all the data has been prepared in will be necessary to
make up a small routine. In particular,
a) for S.A. 10
40 ca 45
41 si 707
42 ca 46
1; bo 105
si 0
+5 0.3+100
46 4. N (the quantity of data)
b) for S.A. 40
40 ca 45
11 si 707
42 ca 46
1+1 bo 1055
44 si 0
4 0.41000
; + N! (the quantity of data)
The above should be attached to each tape.
Instead of the aforementioned it is possible to prepare
the cross-correlations as other GAG data tapes - mean in
1054, first number in 1055 etc. in decimal integers.
If the above is the alternative the following presetting
of registers must occur, on each tape (one for +MN and one
for
74 - (N-1)
77 + A
100 - (M-1)
102 - M and, S. A. 0
104 + N
105 0.34100 - for 4 NM
0.41000 
- for 4 NM
WHERE : N no. of data points
N
A +40; +80; + 100 (depending on what lag spectra
is desired)
These tapes are then to be used in conjunction with the
cross-correlation factoring routine - 106-43-06023.
D. Typical Performance Requests
E Si 1 "off"
106 - 43 - ( 4 MN data) RI
106 - 43 - tNm data) RI
Si 1 "on"
-- Starting at second block-
106-43-(XXXXX) RI, RS; RI, RS; RI
106-43-05030 RI, RS
The above supposes that the data has been factored and
prepared as mentioned in the foregoing section. If it has
not, and it appears as decimal integers then the following
request would 'he appropriate.
E, Si 1 "off"
106-43- (A data) RI
106-43- 06023 RI
106-43 - (q Data) RI
106-43- 06023 RI
si 1 "On"
Starting at second block
106-+3-(06xxX) RIRS; RI, RS; RI
106-+3-05030 RI, RS.
- - | ||-|||Il
00 / 00 .200 300
0| /01 30
02 /_02 -_.g 02 C 302
03 /03 03 004 __ /04_________ -- At 103
04 04.04 
_04
05 05 .2 05 3 05
07 67 
07 __ _ 07
0 00 
07
22 __ _2
- - . - 13
4 14 4
5 |5 e4 . 516 |6 * - .166
|7 17 17 7.4'2
20 20 20 20
2-d 21 21
- -2222 22 22 *b.
23 - 23 23 23
24 24 24 -24
25 25 25 " l -25
26 26 26 -S26
2227 
7 " 3 27
30 30 30 c 30
31 31 33
32 32 32 c 32
33-333 ~'I le,334 34 34 34
35 3s 35 3s - -
36 36 36 - 35
37 37 m m,37 37 a
40 40 40 - 4041 4| 4 _4|
42 42 - 42 42
431 43 43 43
44 44 _4 __gjA
I0 deo I d 21Zre / l'00
1 #021 
-S' ,g-2t
.___ r 04 4, 7/13
Y-0S1 S-5 V$
06 06
07 07 Tc
00
_ _3 _ 3
14 4 3dZ ro r,-
6 - 6 de t 3
- 20 7-A y 20'
21 y0 21
22 , 22--
23 y d 23
24 24
25 25
26 26
27 ?-o 27
30 y 01
32 y2
33 $
34 34
5 35
36 736
37 37
40 y40 2{
4| 41
42 Qgg42
43 e 43
44 30g 44 y
45 45 pg
461 y 46 y y
47 7_LL 47 e o
50 50
52 52
53 53
$4 54
55 $5
5655
- 57 au57
60 60 /
61 61
62 62
63 63
W64 
-. g
65 65!-
66 466
67 ea 67 1
707-0 f, A
72 y72 2
7 p 73 a .
741 74 23 n"
75 y751e 
in
76 76
771 ASg I|J it rA
NOTES
-- - -k 702t
0310
04
4_2 G
06 0 .(
07 0 --
7 e
2 w /r1
41
7 1
20 A120 
,t21_2 
_,j22 2
- 23 2
24 IL-A 2 -
25 2
26 2
27 2
30 3
32 --
33 AA3 
-ff
34 3
35
42 4 g
43 4
44 4
47 4
50 5
53 5
54 a ~t5
56 _02&r 5
57 57a?4
60 Z,
6|1
_2 6262 
oe
_ 3 6
64 6
65 2.AV
671 2~_6
70 A ?7
72 -a 7
73 7
755
767
- IL - I-ND-E.Xs~s
AUHO a as at E
TA 7 NUBE
04
A~r
021 -V I 
- '0
- 05 4 S0
07 p0g7
0 1014 " 04
200
_ 2 iv 6
23 _72
24 724
25 7 g25
26 kg226
27 tg 27
30 ry,3
31 /1n 30
32 - - ~-
33 A//33
34 kga34
35 35 gy 3
36 , y 36
37 fa" 37
40n 40
41I 1 41
42 42
43 43 21,e rr
45 4;45 ;V 
_i
461 46 Z Sp
471tyy 47
52 de14 4 r52 p
53 53
54 ea - 2 54 _eM W
55 = ,67 
-5 5
56 pgIa. 56
57 -Ul 57
60P idi - 60
61 62
63 63
64 64
651 AL -, 65 Z 2
661 66
671 - g 67 3
701 4- 1 70 r
71 71 fr
72 y72
74 7
75 rrn75
76 7
4OTES
F
150
71M
 1
h I
-*
 
0
a a 
a 
W
 
a
I 
-T-
w
E 
4 Ir 
1 
e2
rig.h)
J300 avo0 ZV y1;
3-.102 # 2 Ajr-
-?303 aIt0 At sI
1lo 04 9%
L-06 ewm. 2y06
07 ad1_~ 7
|0 1
2 2y
-3 Am y3
4 14
5
20 20 a.f
2;2
22 22
- 23 23 --
24 24-
25 -/3 25
26 2
27 27-
30 30
313
32 d 32
334 is. 33
34 Aal .. T3A ddld
35 d2135
363
40 2 y140
42 4
T4 3 43
44 44
4 5 45At 4 y A
46 461 6 gem
4 7 4 .J 7
50 5
52 5
55 55
56 5
57 5
60 W W171
6|1
6 71/ y
65
66
6 7 yw
72 yw~
7 3
74 A- JTJ54 -
755
757
7/ i -771__
_/AAL __GRM OR
_ft! s _IL INDvE e
Aff" ~ ~ ~ ~ za _-r ,rgATOR4tj f DT
73E UME
C- ./.s- A / '-ygg
/f02 + '.
______ 
r ___________________ ~
S06/
027
4 _ O - o'_ e. re
. /f/p
CAjyf/
da / t/7
2 r
~~2
22 22
23 __
24 24
25 -2-
26 26 A
27 27. L yl,6
30 A'/& rofW3 r?
32 +3
36 7
37 r - a3 :1
r 40 40 z"
42 4
44 4
45 e
13 3
57~3 1 /y5
62 2 _Cd i
43
55 /plgo -- 70sew
62 72 /VV7-
63 _3 
__OSr
64 -- CAC
65 75 -rard
726
74TE-
-> -pmm & .
09
-100 7017
102 M2 *
- 4_03 /03 ear
. 0 - 04
07' 05
0 r0
2 12
3 13 e-i
_4 1 5 ews4 -y
6 6y
20 444ri-- o'_20 Ul--A2 1 r21
22 ZL/ I_22 A ,g
23 23
24 
-IK -24 Pr X I
25 y*M 
- 25
. 26 4 26f-
27 -V -- 27
30 
3o
32 C yA32
33 W1w33
35 etll*35,"
36 36
37 2 P/ct37
40 f40D 7
42 CI"l ur bv-42
_43 -- - 43
44 44
47 - -1 47
50 50
- - -5
52 52
53 53
55 5
56 56
57 V-d 57
60 d&dW rOA m
62 0
63 4
64 64w
65 6 5- - - -
77
73 A73
75 7ere frld_5
76 A/21 rag 76
77 a-m7
MIT DIGITAL COMPUTER LABORATORY
OCTAL PROGRAM FORM
s94 t'~ r K/w. /ee /.:> TITLE |NDEX
,erras-g AUTHOR af DATE
tia&2 a'tr~i"ar _d.r-1 TAPE NUMBER /If 'ea"* . QI
i01
3000 as 3/jg&Z J/ 00
- 01
3j$02 102
3005 d11 705
3004 A0, L4Pd.Y
Wp6 3/06
307 1 3/07
2 ti/1 1r2
3 -Aa-t22- 1
24 2 4
25 25
26 26
236
44
45 pi geC2
46 2
47 -7
52 L
34$42g g4
35~$ 
-4dia 35
3636 py
._ 37. 
_ S..*..,_
40 40 , A
4242 Tea e
4343 y
46 44
47 45
50 So p-,50
52 JA r 52
53 = 0 " e 53 3 " - 33
5454d hros
55 5 a w A"L
56 5
5757up ut
6060
61 61s a
62
64
65 y5
67 C, )16, g& )
7_0 _it7_2a1421.
72 ;C y, Sp
75 gg
76 76
77 e.&2 1354
55O3TESg
-,I r~s r.L91. 4 ,, 1 647-
-S5
bdL
00N uoo 330
20|2 An Nae|e slew
3402 30
3AO3 30
310 --- v 30
310
11
12 1
31
4
7
20 21
I 2
22 2
23
-24 Z
25 2
- 26
30 3
32 j
32 -03
33 xm 3 h r
-34
35 3
- 36 3
371A 2? Sr'
52 42: t4 Arfd43 = 3 6.4
6 
4
44
50
52 __ w 32 J'__
55
330
$_60
62 6
64 64
?1 7h
722
3123
74 24
_75 25
AV6' ~ ~ ~ ~ ~ $ ajea 92 AUHR#" -A2 DT
33E UME
II6'"'j l LMAlls"lfillE I L I JJ I nss u lu am asamme


Appendix C
.0 ,
APPENDIX C
Weston Observatory -- Pertinent Data
Geodetic coordinates:
Elevation:
420 23' 04.9"
71 0 19'f 19. 5"
60 meters
Lithologic foundation:
Pendulum mass:
Instruments:
Metavolcanic
100 kg.
Vertical, N-S,
long and short
graphs.
E-W, Benioff
period seismo-
Normal Operating Constants:
Instrument
see.
ZSP
NSP
ESP
ZLP
NLP
ELP
T
0
T
g
1.0
1.0
1.0
1.0
1.0
1.0
Tg
see!
0.5
0.25
0.25
30.0
60*0
60.0
Drum Speed
60 mm/min
60
60
30
30
30
-- Period of pendulum.
-- Period of galvanometer.
